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ABSTRACT
NGC 6231 is a young cluster (age ∼2–7 Myr) dominating the Sco OB1 association (distance ∼1.59 kpc) with ∼100
O and B stars and a large pre–main-sequence stellar population. We combine a reanalysis of archival Chandra X-ray
data with multi-epoch NIR photometry from the VVV survey and published optical catalogs to obtain a catalog of
2148 probable cluster members. This catalog is 70% larger than previous censuses of probable cluster members in
NGC 6231, and it includes many low-mass stars detected in the NIR but not in the optical and some B-stars without
previously noted X-ray counterparts. In addition, we identify 295 NIR variables, about half of which are expected
to be pre–main-sequence stars. With the more-complete sample, we estimate a total population in the Chandra field
of 5700–7500 cluster members down to 0.08 M⊙ (assuming a universal initial mass function) with a completeness
limit at 0.5 M⊙. A decrease in stellar X-ray luminosities is noted relative to other younger clusters. However, within
the cluster, there is little variation in the distribution of X-ray luminosities for ages less than 5 Myr. X-ray spectral
hardness for B stars may be useful for distinguishing between early-B stars with X-rays generated in stellar winds
and B-star systems with X-rays from a pre–main-sequence companions (>35% of B stars). A small fraction of catalog
members have unusually high X-ray median energies or reddened near-infrared colors, which might be explained by
absorption from thick or edge-on disks or being background field stars.
Keywords: stars: massive; stars: pre-main sequence; stars: formation; stars: variables: T Tauri,
Herbig Ae/Be; open clusters and associations: individual (NGC 6231); X-rays: stars
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1. INTRODUCTION
NGC 6231 is the dominant young stellar cluster (∼2–
7 Myr old) at the center of the Sco OB1 association
(d ≈ 1.59 kpc; Sung et al. 1998). This cluster is no-
table in having a large population of pre–main-sequence
stars and early-type stars (Sung et al. 1998; Reipurth
2008; Sana et al. 2007b; Damiani et al. 2016). The na-
tal molecular cloud has already been dispersed, leading
to a cessation of star-formation activity, so the cluster
represents the final product of the star-formation pro-
cess. Nevertheless, Sco OB1 also contains other regions,
some of which are forming stars, including the Large Ele-
phant Trunk to the north-west and IC 4628 to the north-
east, as well as the young stellar cluster Tr 21 to the
north-west. NGC 6231 itself is probably substantially
larger than the ∼0.1 square degrees Chandra/ACIS-I
field, which only includes the central region of the clus-
ter.
Clusters containing OB stars can be important lab-
oratories for understanding star formation because
most low-mass stars, like our Sun, likely formed in
regions containing massive stars (Gounelle & Meynet
2012; Dukes & Krumholz 2012). NGC 6231 is host
to a number of massive stars, including a Wolf-Rayet
(WR) star, 15 O-type stellar systems, and at least 91
B-type stellar systems. In addition to the WR star
(HD 152270; WC7+O5-8 binary), several other mas-
sive stars are evolved, including >20 OB stars clas-
sified as giants or supergiants by Humphreys (1978).
Among them is the earliest-type star in the cluster,
HD 152233 (O6III(f)+O9? binary; Lbol = 10
5.7 L⊙),
and the most luminous system in the cluster, HD 152248
(O7.5III(f)+O7III(f) binary; Lbol = 10
5.8 L⊙). The
massive star HD 153919 (O6.5Iaf+), with an angu-
lar separation of ∼4◦ from the cluster, is probably
a runaway cluster member (Feinstein & Forte 1974;
Ankay et al. 2001) that was discovered to be a high-
mass X-ray binary (HMXB) with a neutron-star or
black-hole companion (Jones et al. 1973; Clark et al.
2002). Several other WR stars lie outside the cluster
center, including HD 151932 (WN9ha) and HD 152408
(WN7h) (Faherty et al. 2014).
NGC 6231 is at a critical stage in its evolutionary
history for either the birth of a bound open cluster or
the dispersal of its stellar population into the Galac-
tic field. Most clusters of newly formed stars disperse
once the star formation activity in a region has ceased
(Lada & Lada 2003). Clusters can become unbound due
to either mass loss from the dispersal of molecular cloud
mass (Tutukov 1978; Hills 1980) or through tidal interac-
tions with other giant molecular clouds (Kruijssen 2012).
Cloud dispersal has recently occurred in NGC 6231, pos-
sibly due to one or more supernovas, including a possible
explosion 3 Myr ago that formed the HMXB.
In these two papers, we aim to understand the clus-
ter’s evolution through investigation of the final stellar
population produced by star formation and modeling
of the cluster’s structure and dynamics. For a study
of structure, a large, representative sample of the clus-
ter’s low-mass stars is essential. In particular, care must
be taken to construct a mass-complete sample of stars
to avoid systematic biases due to selection effects from
missing stars (e.g., Ascenso et al. 2009).
In this article (Paper I) we obtain a new, more com-
plete census of probable cluster members using deeper
near-infrared (NIR) survey data and a reanalysis of the
archival Chandra X-ray Observatory observations. Pa-
per II will model the spatial structure of the NGC 6231
cluster, including the cluster’s density profile, subclus-
ters of stars within the cluster, mass segregation, and
age gradients. The results of these investigations will be
used to comment on both the formation of NGC 6231
and its fate, based on theoretical understandings of clus-
ter assembly and cluster dissolution.
1.1. X-ray and Infrared Methods for Young Stellar
Populations
Low-mass stars in young stellar clusters and star-
forming regions are difficult to disentangle from field
stars (Feigelson et al. 2013), and this is particularly
true for NGC 6231 in Quadrant 4 of the Galactic
Plane, (ℓ, b) = (343.5,+1.2). Some previous studies
have used optical methods to identify young stars, in-
cluding Hα emission (e.g., Sung et al. 1998) or place-
ment of objects on optical color magnitude diagrams
(e.g., Damiani et al. 2016). However, most cluster mem-
bers have been discovered using X-ray observations, by
both XMM Newton (Sana et al. 2004, 2005, 2006a,b,c,
2007a,b, 2008a,b) and the Chandra X-ray Observatory
(Damiani et al. 2016, henceforth DMS2016).
Our study of NGC 6231 adopts methods for studying
young stellar populations developed by the Penn State
group in a variety of X-ray/infrared projects, most di-
rectly from the Massive Young Star-Forming Complex
Study in Infrared and X-ray (MYStIX; Feigelson et al.
2013). MYStIX combined a reanalysis of archival Chan-
dra data with NIR catalogs from UKIDSS+2MASS and
mid-infrared (MIR) catalogs from Spitzer/IRAC to iden-
tify young stars at various evolutionary stages, rang-
ing from protostars to disk-free pre–main-sequence stars.
The MYStIX project surveyed 20 star-forming regions,
each containing at least one O-type star, that range in
distance from 0.4 to 3.6 kpc, and provide a catalog of
>30,000 MYStIX Probable Complex Members (MPCM;
Broos et al. 2013). The MPCM catalog has served as
a basis for investigations of cluster structure and evo-
lution (Kuhn et al. 2014, 2015b,a; Jaehnig et al. 2015),
star-formation history and spatial gradients in stellar
ages (Getman et al. 2014a,b), circumstellar-disk evolu-
tion (Richert et al. 2015), pre–main-sequence evolution
of X-ray luminosity (Gregory et al. 2016), and previ-
ously unknown populations of protostars (Romine et al.
2016) and OB stars (Povich et al. 2017).
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Other studies following similar strategies include the
Chandra Orion Ultradeep Project (COUP; Getman et al.
2005), the Chandra Carina Complex Project (CCCP;
Townsley et al. 2011), and Star Formation in Nearby
Clouds (SFiNCs; Getman et al. 2017), and stud-
ies of many individual regions including NGC 1333
(Getman et al. 2002), 30 Doradus (Townsley et al.
2006), Cep B (Getman et al. 2006), IC 1396N (Getman et al.
2007), NGC 6357 (Wang et al. 2007), M17 (Broos et al.
2007), RCW 49 (Tsujimoto et al. 2007), CG 12 (Getman et al.
2008b), W3 (Feigelson & Townsley 2008), the Rosette
Nebula (Wang et al. 2008), NGC 6334 (Feigelson et al.
2009), W40 (Kuhn et al. 2010), and IC 1396A and Tr
37 (Getman et al. 2012).
In most of these studies, NIR counterparts to X-ray
sources are used as the primary indicator of cluster
membership, with only a small fraction of these sources
pruned as likely foreground or background sources. In
the case of NGC 6231, more than twice as many X-ray
sources have Ks-band counterparts than have V -band
counterparts in the optical and infrared catalogs that
are available (Section 3.2). This is both an effect of
the relative brightness of M stars (the typical spectral
type of a 0.5-M⊙ star at 3–7 Myr) in the infrared com-
pared to the optical and an effect of the moderate ab-
sorption of the cluster. Thus, restricting classification
to sources detected in the optical will omit nearly half
the detected cluster members. Furthermore, neither the
optical nor the infrared color-magnitude diagrams can
provide a definitive indication of membership, so some
level of contamination is inevitable whether a sample is
defined in the optical or NIR.
Our X-ray source detection and extraction methodol-
ogy is designed to make optimum use of Chandra’s sensi-
tivity. Source detection uses maximum-likelihood (ML)
image reconstruction to identify sources in crowded
regions, and point-source validation is performed us-
ing sophisticated source and background modeling
(Broos et al. 2010; Townsley et al. 2014). The data
analysis recipes and ACIS Extract software (Broos et al.
2010, 2012), which implements these strategies, typically
detect 1.5–2 times more X-ray sources (many of which
have counterparts in other wavebands) than other lead-
ing software such as wavdetect (Freeman et al. 2002)
and pwdetect (Damiani et al. 1997). We have developed
techniques for nonparametric estimation of X-ray lumi-
nosity and absorption for faint sources (Getman et al.
2010).
Both the X-ray and NIR strategies are designed to
produce large catalogs of probable cluster members,
while allowing some contaminants. This allows us to
take full advantage of the effective area of the Chan-
dra X-ray Observatory, doubling our sample size. The
contamination rate can be approximately estimated by
simulations (Section 4.1), and is found not to be signifi-
cantly higher than in previous studies. In the statistical
literature of the last 20 years, the bias towards minimiz-
ing False Positives has been revised in favor of less strin-
gent controls on Type I error that have greater statistical
power (cf. False Discovery Rate; Benjamini & Hochberg
1995). For the scientific purpose of modeling cluster
structure in Paper II, the larger sample is a major advan-
tage, while the contaminants have little effect and can be
accounted for as a spatially uniformly distributed pop-
ulation of sources in the model (e.g., Kuhn et al. 2014).
1.2. Outline of this Paper
Section 2 provides basic cluster properties from the
literature. Section 3 describes observations and data re-
duction. Section 4 derives a catalog of probable cluster
members. Section 5 derives stellar properties from in-
frared and X-ray data. Section 6 discusses the OB stellar
population. Section 7 provides the conclusion.
2. BASIC CLUSTER PROPERTIES
This work makes use of some basic cluster properties
available from the literature. Summaries of older stud-
ies are provided by Sana et al. (2006b) and Reipurth
(2008). Since then, expanded catalogs of cluster mem-
bers have been provided by Sung et al. (2013) and
DMS2016.
Distance: Sana et al. (2006b) summarize a variety
of estimates of distance modulus and report a
weighted mean of DM = 11.07 ± 0.04. Distance
can also be estimated independently using paral-
lax measurements of nine of the OB stars in the
Tycho-Gaia Astrometric Solution (TGAS) cat-
alog (Gaia Collaboration et al. 2016) yielding a
distance estimate of d = 1.37 ± 0.42 kpc (Ap-
pendix A). We follow DMS2016 and adopt a dis-
tance modulus of DM = 11.0, corresponding to a
distance of d = 1.59 kpc.
Age: Recent estimates of median stellar age have clus-
tered around ∼3.5 Myr and suggest a significant
age spread of ∆age ∼ 3–7 Myr (Sana et al. 2007b;
Sung et al. 2013; Damiani et al. 2016). The esti-
mates of stellar ages in the literature come from
both pre–main-sequence and post–main-sequence
evolution on the Hertzsprung–Russell (HR) dia-
gram and color–magnitude diagrams. For high-
mass stars, Sung et al. (2013) found the distri-
bution to be bracketed by 3–4 Myr isochrones
from Brott et al. (2011) or 4–7 Myr isochrones
from Ekstro¨m et al. (2012). DMS2016 (their Fig-
ure 5) show that spectroscopically identified OB
stars on a V vs. B − V diagram are scattered
around the 3 Myr isochrone from Ekstro¨m et al.
(2012). For low-mass, pre–main-sequence stars,
Sung et al. (2013) estimate stellar ages using the
Siess et al. (2000) models, finding ages ranging
from 1 to 7 Myr, with a peak at ∼3 Myr. For
pre–main-sequence stars DMS2016 report a V -
band magnitude distribution consistent with an
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age range of 1.5 to 7 Myr. They also note that
on the J vs. J −H color-magnitude diagram the
stars follow a 5-Myr isochrone well.
The HD 153919 HMXB may provide an additional
constraint on age, as was previously noted by
Ankay et al. (2001). The TGAS catalog reports
a proper motion of ∆α = 2.28 ± 0.04 mas yr−1
and ∆δ = 4.95 ± 0.03 mas yr−1 for HD 153919.
This traceback vector passes through NGC 6231
at ∼2.9 Myr ago. According to Ekstro¨m et al.
(2012), the minimum lifetime of a massive star is
3.54 Myr, so the system must have been formed at
least 6.4 Myr ago if it originated in NGC 6231. We
note that this traceback vector also passes through
other parts of the Sco OB1 association, so its ori-
gin in NGC 6231, while likely, is not certain, and
constraints on its age would depend on where in
Sco OB1 it originated. For example, the traceback
vector also passes through the star-forming region
IC 4628 1.9 Myr ago.
To infer stellar properties, we use an age of 3.2 Myr
(Section 5.5) and also an alternate age of 6.4 Myr.
A younger median age of stars in the cluster is
not necessarily inconsistent with the presence of
an older star, given the considerable age spread
indicated by previous studies.
Absorption: The natal molecular cloud of NGC 6231
appears completely dispersed. Massa (2017) note
that stellar winds flow unimpeded for more than
2 pc in the center of the cluster, based on their
observations of a C iv absorption feature.
Studies suggest that most of the reddening of the
cluster occurs in foreground clouds between 100
and 1300 pc in distance and in a possible shell of
material surrounding Sco OB1 (Sana et al. 2006b).
A map of reddening by Sung et al. (2013, their
Figure 4) shows variations E(B− V ) from 0.40 to
0.55 mag in a 40′ × 40′ region around the cluster.
The cluster itself is in a local hole in the extinction
with E(B−V ) ≈ 0.45 mag corresponding to AV ≈
1.4 mag for R = 3.1. DMS2016 report uniform
extinction of cluster members.
3. OBSERVATIONS AND DATA REDUCTION
3.1. X-ray Data
Chandra X-ray observations were made using the
imaging array on the Advanced CCD Imaging Spectrom-
eter (ACIS-I; Garmire et al. 2003). This instrument is
an array of four CCD detectors that subtends 17′× 17′.
(The ACIS-S2 and S3 chips were also active during the
observation, but we exclude these data due to Chandra’s
reduced angular resolution far off axis.) The target was
observed in July 2005 (Sequence 200307; PI S. Murray)
in two observations (ObsID 5372 and 6291) and the data
were retrieved from the Chandra Data Archive. These
observations were both taken in faint mode, with ex-
posure times 77,165 s and 44,954 s, roll angles 299◦ and
287◦, and an aimpoint at 16h54m12s.092 −41◦50′23′′.02
(J2000). The Chandra event files provide time, position,
and energy of each photon-detection event on the CCD.
The X-ray image of NGC6231 is shown in Figure 1 pro-
duced by the Ebeling et al. (2006) adaptive-smoothing
algorithm.
3.1.1. X-ray Source Extraction
The X-ray data reduction for NGC 6231 follows the
MYStIX data-reduction procedures given by Broos et al.
(2010), Townsley et al. (2014), and Kuhn et al. (2013).
These procedures make use of ACIS Extract and TARA
recipes available from the Astrophysics Source Code
Library (Broos et al. 2012). This analysis requires ad-
ditional software such as CIAO (Fruscione et al. 2006),
MARX (Davis et al. 2012), HEASoft (HEASARC
2014), and the Astronomy User’s Library (AstroLib;
Landsman 1993); and the work was carried out using
the IDL programming language. Briefly, data products
are rebuilt from the “Level 1” satellite telemetry apply-
ing a variety of calibrations and corrections developed
at Penn State. Source detection is performed on de-
convolved images generated with the Lucy-Richardson
algorithm (Lucy 1974). The source list is iteratively
refined (improved positions, optimal backgrounds, etc.)
using the ACIS Extract procedures, and a measure of
source significance ProbNoSrc min is calculated. This
source significance is the p-value for the no-source hy-
pothesis as defined by Broos et al. (2010, §4.3), and only
sources having ProbNoSrc min < 0.01 are retained at
the end of each iteration. Iterations are necessary be-
cause removal or shifting of a source will affect the back-
ground regions and source significance of other sources,
requiring ProbNoSrc min to be recalculated for those
sources.
For the NGC 6231 data, 14 iterations were necessary
before convergence to the final list of 2411 Chandra X-
ray sources that are reported here. While some sources
were detected with thousands of counts, most sources
are much fainter. The detected X-ray sources have a
median of 10 net counts (NetCounts; the number of X-
ray events detected in the source extraction region minus
the expected number of background counts), while the
mode of the histogram of logNetCounts is ∼30 counts.
3.1.2. X-ray Catalog
The Chandra X-ray point-source catalog is presented
in Table 1. This table includes both “X-ray photom-
etry” quantities obtained from ACIS Extract and “X-
ray Spectral Model” quantities which are inferred us-
ing XPHOT software (Getman et al. 2010); the defi-
nitions of these quantities are identical to those from
Kuhn et al. (2013, their Table 4). Photometric quan-
tities are often calculated for several energy bands: a
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Figure 1. X-ray image of the NGC 6231 cluster from Chandra’s ACIS-I instrument, with brightness shown on a logarithmic
grayscale. Smoothing was performed on the total 0.5–8.0 keV band using an algorithm by Ebeling et al. (2006).
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“soft” band including X-ray events with energies be-
tween 0.5 and 2.0 keV, a “hard” band including X-ray
events between 2.0 and 8.0 keV, and a “total” band
including X-ray events with energies between 0.5 and
8.0 keV. Several important quantities, including X-ray
median energy, X-ray luminosity, and X-ray variability,
are described below.
X-ray median energy (ME) is a measure of spectral
hardness, calculated by taking the median of the ener-
gies of a source’s events on the CCD detector. Estimates
of ME are more robust than the estimates of the hard-
ness ratio for sources with few counts, which comprise
the majority of X-ray sources in this observation. For
thermal X-ray sources, median energy is moderately sen-
sitive to plasma temperature and strongly sensitive to
absorption from a thick molecular cloud (Getman et al.
2010). However, in the case of NGC 6231, where the ob-
scuration of the cluster is AV ≈ 1.6 mag (corresponding
to NH ≈ 3.5 × 1021 cm−2; Section 5.2), attenuation of
X-rays by interstellar gas will be on the order of 1%, so
ME will be mostly affected by plasma temperature and
local absorption.
X-ray luminosities and absorbing columns are esti-
mated using the XPHOT algorithms from Getman et al.
(2010). For the vast majority of sources, the number of
counts in the low-resolution X-ray spectrum extracted
from the event list is too low for parametric fitting with
software like XSPEC (Arnaud 1996). XPHOT provides
a more robust method of estimating spectral proper-
ties, using photometric quantities like NetCounts t and
ME along with empirical relations relating these proper-
ties to the X-ray spectroscopic properties of pre–main-
sequence stars. These empirical relations were found
by Getman et al. based on a sample of low-mass stars
from COUP (Getman et al. 2005; Feigelson et al. 2005).
The XPHOT spectral model properties reported in Ta-
ble 1 include both statistical errors, due to measurement
uncertainties in source photometry, and systematic un-
certainties, due to intrinsic scatter in the empirical re-
lations. These relations are only valid for the spectral
characteristics of pre–main-sequence stars, so XSPEC
analysis is performed for early-type stars in Section 6. In
this paper, the variable LX is used to denote absorption-
corrected X-ray luminosity in the total band (listed as
LOG LTC in the table).
X-ray variable stars were identified by ACIS Extract
by testing for constant count rates (both within one ob-
servation and for the two observations combined) using
the Kolmogorov–Smirnov (K–S) test. Most p-values lie
between 0.01 and 1 (no statistically significant deviation
from a constant count rate), but 356 sources do have p-
values ranging from <10−5 to 0.01. The K–S test is
more sensitive to sources with more counts, so more-
luminous X-ray variables are more likely to be identified
than less-luminous X-ray variables.
Bright X-ray sources can be affected by pile-up,
which occurs when multiple X-ray photons arrive at
the same location on the detector during a single 3.2-
s frame, causing them to be read as a single event
with greater energy. The ACIS Extract photometry
recipe notes that a flux of 0.075 counts frame−1 in a
3×3-pixel island leads to a decrease in count rate by
a factor of 1.1. For NGC 6231, the sources most af-
fected by pile-up are CXOU J165401.84-414823.0 and
CXOU J165410.06-414930.1, with photon fluxes of 0.07
and 0.06 counts frame−1, respectively. CCD pile-up has
therefore been ignored in this study.
Table 1. X-ray Sources and Properties
Column Label Units Description
(1) (2) (3)
X-ray Photometry (Broos et al. 2010, ACIS Extract)
Name · · · X-ray source name; prefix is CXOU J
(Chandra X-ray Observatory)
Labela · · · source name generated by ACIS Extract
RAdeg deg right ascension (J2000)
DEdeg deg declination (J2000)
PosErr arcsec 1-σ error circle around (RAdeg,DEdeg)
PosType · · · algorithm used to estimate position (Broos et al. 2010, §7.1)
ProbNoSrc min · · · smallest of ProbNoSrc t, ProbNoSrc s, ProbNoSrc h
ProbNoSrc t · · · p-valueb for no-source hypothesis (Broos et al. 2010, §4.3)
ProbNoSrc s · · · p-value for no-source hypothesis
ProbNoSrc h · · · p-value for no-source hypothesis
ProbKS singlec · · · smallest p-value for the one-sample Kolmogorov-Smirnov statistic under
the no-variability null hypothesis within a single-observation
Table 1 continued
NGC 6231: Stellar Population 7
Table 1 (continued)
Column Label Units Description
(1) (2) (3)
ProbKS mergec · · · smallest p-value for the one-sample Kolmogorov-Smirnov statistic under
the no-variability null hypothesis over merged observations
ExposureTimeNominal s total exposure time in merged observations
ExposureFractiond · · · fraction of ExposureTimeNominal that source was observed
NumObservations · · · total number of observations extracted
NumMerged · · · number of observations merged to estimate photometry properties
MergeBias · · · fraction of exposure discarded in merge
Theta Lo arcmin smallest off-axis angle for merged observations
Theta arcmin average off-axis angle for merged observations
Theta Hi arcmin largest off-axis angle for merged observations
PsfFraction · · · average PSF fraction (at 1.5 keV) for merged observations
SrcArea (0.492 arcsec)2 average aperture area for merged observations
AfterglowFractione · · · suspected afterglow fraction
SrcCounts t count observed counts in merged apertures
SrcCounts s count observed counts in merged apertures
SrcCounts h count observed counts in merged apertures
BkgScaling · · · scaling of the background extraction (Broos et al. 2010, §5.4)
BkgCounts t count observed counts in merged background regions
BkgCounts s count observed counts in merged background regions
BkgCounts h count observed counts in merged background regions
NetCounts t count net counts in merged apertures
NetCounts s count net counts in merged apertures
NetCounts h count net counts in merged apertures
NetCounts Lo tf count 1-sigma lower bound on NetCounts t
NetCounts Hi t count 1-sigma upper bound on NetCounts t
NetCounts Lo s count 1-sigma lower bound on NetCounts s
NetCounts Hi s count 1-sigma upper bound on NetCounts s
NetCounts Lo h count 1-sigma lower bound on NetCounts h
NetCounts Hi h count 1-sigma upper bound on NetCounts h
MeanEffectiveArea tg cm2 count photon−1 mean ARF value
MeanEffectiveArea s cm2 count photon−1 mean ARF value
MeanEffectiveArea h cm2 count photon−1 mean ARF value
MedianEnergy th keV median energy, observed spectrum
MedianEnergy s keV median energy, observed spectrum
MedianEnergy h keV median energy, observed spectrum
PhotonFlux ti photon /cm2 /s log incident photon flux
PhotonFlux s photon /cm2 /s log incident photon flux
PhotonFlux h photon /cm2 /s log incident photon flux
X-ray Spectral Modelj (Getman et al. 2010, XPHOT)
F H erg /cm2 /s X-ray flux, 2:8 keV
F HC erg /cm2 /s absorption-corrected X-ray flux, 2:8 keV
SF HC STAT erg /cm2 /s 1-sigma statistical uncertainty on F HC
SF HC SYST erg /cm2 /s 1-sigma systematic uncertainty on F HC
F T erg /cm2 /s X-ray flux, 0.5:8 keV
F TC erg /cm2 /s absorption-corrected X-ray flux, 0.5:8 kev
SF TC STAT erg /cm2 /s 1-sigma statistical uncertainty on F TC
SF TC SYST erg /cm2 /s 1-sigma systematic uncertainty on F TC
LOG NH /cm2 gas column density
Table 1 continued
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Table 1 (continued)
Column Label Units Description
(1) (2) (3)
SLOG NH STAT /cm2 1-sigma statistical uncertainty on LOG NH
SLOG NH SYST /cm2 1-sigma systematic uncertainty on LOG NH
LOG LTC erg /s log X-ray luminosity, 0.5:8 keV
LOG LHC erg /s log X-ray luminosity, 2:8 keV
ERR LOG LTC erg /s 1-sigma statistical uncertainty on LOG LTC
ERR LOG LHC erg /s 1-sigma statistical uncertainty on LOG LHC
Note—X-ray source properties from ACIS Extract and XPHOT. Column definitions are identical to those in Kuhn et al. (2013).
Rows are sorted by R.A.
The suffixes “ t”, “ s”, and “ h” on names of photometric quantities designate the total (0.5–8 keV), soft (0.5–2 keV), and
hard (2–8 keV) energy bands.
Source significance quantities (ProbNoSrc t, ProbNoSrc s, ProbNoSrc h, ProbNoSrc min) are computed using a subset of
each source’s extractions chosen to maximize significance (Broos et al. 2010, §6.2). Source position quantities (RAdeg, DEdeg,
PosErr) are computed using a subset of each source’s extractions chosen to minimize the position uncertainty (Broos et al. 2010,
§6.2 and 7.1). All other quantities are computed using a subset of each source’s extractions chosen to balance the conflicting
goals of minimizing photometric uncertainty and of avoiding photometric bias (Broos et al. 2010, §6.2 and 7).
aSource labels identify a Chandra pointing; they do not convey membership in astrophysical clusters.
b In statistical hypothesis testing, the p-value is the probability of obtaining a test statistic at least as extreme as the one that was
actually observed when the null hypothesis is true.
c See Broos et al. (2010, §7.6) for a description of the variability metrics, and caveats regarding possible spurious indications of
variability using the ProbKS merge metric.
dDue to dithering over inactive portions of the focal plane, a Chandra source is often not observed during some fraction of the
nominal exposure time. (See http://cxc.harvard.edu/ciao/why/dither.html.) The reported quantity is FRACEXPO produced
by the CIAO tool mkarf.
e Some background events arising from an effect known as “afterglow” (http://cxc.harvard.edu/ciao/why/afterglow.html) may con-
taminate source extractions, despite careful procedures to identify and remove them during data preparation (Broos et al. 2010,
§3). After extraction, we attempt to identify afterglow events using the tool ae afterglow report, and report the fraction of ex-
tracted events attributed to afterglow; see the ACIS Extract manual (http://www.astro.psu.edu/xray/acis/acis_analysis.html).
fConfidence intervals (68%) for NetCounts quantities are estimated by the CIAO tool aprates (http://asc.harvard.edu/ciao/ahelp/aprates.html).
gThe ancillary response file (ARF) in ACIS data analysis represents both the effective area of the observatory and the fraction of
the observation for which data were actually collected for the source (ExposureFraction).
hMedianEnergy is the median energy of extracted events, corrected for background (Broos et al. 2010, §7.3).
i PhotonFlux = (NetCounts / MeanEffectiveArea / ExposureTimeNominal) (Broos et al. 2010, §7.4)
j XPHOT assumes X-ray spectral shapes of young, low-mass stars, which come from coronal X-ray emission. XPHOT quantities
will therefore be unreliable for high-mass stars, for which X-ray emission is associated with the stellar wind (Getman et al. 2010).
3.1.3. Comparison to the DMS2016 X-ray Catalog
Our catalog of 2411 X-ray point sources includes ∼1.5
times more sources than the 1613 X-ray sources re-
ported by DMS2016, which is similar to the increase
in number of sources for other studies in which Chan-
dra observations were reanalyzed using this methodol-
ogy (Kuhn et al. 2013). In particular, many new faint
X-ray sources are included. Figure 2 shows sources from
the two X-ray catalogs marked on an X-ray image (left)
and a VVV J-band image (right) of part of the field of
view near star CPD−41 7743. In this region, 5 of the
new X-ray sources have J-band counterparts, while 4
do not. Although the deeper catalogs may include ad-
ditional spurious sources or extragalactic X-ray sources,
most of these will be filtered out later in the analysis by
matching with NIR counterparts.
A comparison of reported X-ray source properties
from the two catalogs shows that, for the majority
of stars, X-ray net counts (CT from DMS2016 vs.
NetCountst) are scattered around the y = x line with
a root-mean-squared deviation of 0.1 dex and a mean
offset of 0.05 dex. (These differences are smaller than
the typical Poisson
√
(N) uncertainty on net counts.)
Sources of scatter include differences in shape and size of
the extraction regions, differences in filtering of events,
and different algorithms for estimating source back-
ground. A small fraction of X-ray sources do have up to
a factor of 2 times more counts in the DMS2016 cata-
log, but these are all sources with close neighbors in the
ACIS-Extract source list that are included as a single
source by DMS2016.
A comparison of X-ray luminosities (LX from
DMS2016 vs. LOG LTC) for probable cluster mem-
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Figure 2. X-ray sources over-plotted on the X-ray image (left) and J-band image (right) in the vicinity of the B0.5V star
CPD−41 7743. X-ray source extractions for our catalog are shown in red, and the X-ray source locations from DMS2016 are
indicated by black boxes.
bers shows that X-ray luminosities derived here using
XPHOT (LOG LTC) are on average 0.1 dex lower than
those derived by DMS2016 through spectral fitting, with
0.2 dex scatter. The magnitude of this shift is similar
to the typical magnitude of the discrepancies found in
the SFiNCs project between X-ray luminosities derived
using the same methods we use here and from the pub-
lished literature (Getman et al. 2017, their Figure A2),
albeit usually in the opposite direction. Typical uncer-
tainty on LOG LTC (statistical and systematic added
in quadrature) is 0.5 dex.
3.2. Infrared and Optical Photometry
The NIR ZY JHKs data were obtained from the
VISTA Variables in the Vı´a Lacte´a (VVV) survey
(Minniti et al. 2010; Saito et al. 2012). VVV is a multi-
epoch NIR survey that covers both the Galactic Bulge
and an adjacent Galactic Disk region that was carried
out using the 4.1-m VISTA telescope on Cerro Paranal.
The VVV data were taken with VIRCAM (VISTA In-
frared CAMera; Dalton et al. 2006), a 4 × 4 array of
Raytheon VIRGO 2048 × 2048 20-µm-pixel detectors,
with a pixel scale of 0.′′34. The individual detectors
are separated by gaps, with a width that is 42.5% of
the detector width in the vertical direction and 90%
of the detector width in horizontal direction, forming
the “paw-print” field of view that covers 0.59 square
degrees. A series of 6 exposures with various horizontal
and vertical shifts combine to form a single rectangular
tile with an area of 1.5◦ × 1.1◦ = 1.64 square degrees
(Saito et al. 2012).
For color-color and color-magnitude diagram analysis,
we used the first epoch ZY JHKs images from VVV tile
“d148” in the disk region of the survey. These images all
had top “Quality Control” grade and sub-arcsecond see-
ing. The observation log for these data is presented in
Table 2. Aperture photometry was performed with v1.3
of the VISTA pipeline developed by the Cambridge As-
tronomical Survey Unit (CASU; Lewis et al. 2010) and
downloaded via the CASU webpage.1 Flags indicate
morphological classification of sources, which are gen-
erated based on curve-of-growth analysis (Irwin et al.
2004). We make use of sources with flags “-1” stellar,
“-2” borderline stellar, and “-9” saturated in the anal-
ysis. The flag “0” indicates noise, “-7” indicates bad
pixels, and “+1” non stellar, and catalog entries with
these flags are omitted. For sources that are saturated
in the JHKs VVV images, photometry from the Two
Micron All Sky Survey (2MASS; Skrutskie et al. 2006)
is substituted using the transformations from Soto et al.
(2013) to convert the photometry in the 2MASS system
to the VVV system.
For variability analysis, photometry was obtained
from ∼30 Ks-band epochs with net exposure times of 8
or 40 seconds2 in both tile “d148” and the adjacent tile
“d110.” Only images with top “Quality Control” grade
and arcsecond or subarcseond seeing were used. These
images were observed between March 2010 and July
2015, with a mean cadence of 0.025 day−1 (gaps be-
tween observations were distributed with first-quartile,
median, and third-quartile time delays of 0.07, 1.0, and
20 days). Data reduction followed the photometry pro-
cedures described by Navarro Molina et al. (2016), who
use PSF-fitting photometry on individual chip images to
avoid spurious photometric variability caused by PSF
variability. The photometry was extracted using the
DoPHOT pipeline (Schechter et al. 1993), and objects
with DoPHOT flags indicating reliable photometry were
kept. Photometry was calibrated using a set of isolated,
non-variable stars in the images with VVV Ks-band
magnitudes between 11 and 15 mag.
1 http://casu.ast.cam.ac.uk/vistasp/
2 The first and last epochs had the longer exposure times.
10 Kuhn et al.
0.0 0.5 1.0 1.5 2.0
20
18
16
14
12
Z−Y (VVV) [mag]
Y 
(V
VV
) [m
ag
]
0.0 0.2 0.4 0.6 0.8 1.0 1.2
18
17
16
15
14
13
12
H−Ks (VVV) [mag]
Ks
 (V
VV
) [m
ag
]
Figure 3. VVV color-magnitude diagrams showing all stars in the Chandra field of view. Left: Y vs. Z − Y , and right: H vs.
H −Ks. Field stars are shown as black points, while probable cluster members are shown either as red points (also contained
in the DMS2016 catalog) or green points (new members).
In addition to the VVV photometry, public opti-
cal or infrared catalogs are available from surveys and
publications. We have included VPHAS+ photome-
try (Drew et al. 2014), UBV RI (Johnson–Cousins sys-
tem) and Hα photometry from Sung et al. (2013), and
Spitzer/IRAC photometry from the GLIMPSE survey
(Benjamin et al. 2003).3 Matching between these cat-
alogs and the VVV catalog is performed using TOP-
CAT (Taylor 2005). Among the optical and NIR bands,
there are significantly more counterparts for probable
cluster members when going to longer wavelengths:
e.g. more than 2 times as many Ks-band counterparts
from VVV+2MASS than V -band counterparts from
Sung et al. (2013). Reported right ascensions and decli-
nations in the merged catalogs are taken from the VVV
Ks-band catalog where available.
3.3. NIR–X-ray Catalog Matching
Matching between the X-ray sources and NIR sources
was performed using the sky coordinate matching al-
gorithm from the CRAN package celestial (Robotham
2016). A preliminary match radius of 2′′ was used to
3 Note that the GLIMPSE survey region only overlaps the
southern corner of the Chandra/ACIS-I field of view.
identify candidate matches, which were then pruned
based on uncertainty in the source positions. Uncer-
tainty on NIR source position was assumed to be 0.′′3,
while uncertainty on X-ray source position was calcu-
lated by ACIS Extract and ranged from 0.′′1 to 1′′ (me-
dian 0.′′2). Positions differing by less than 2 times the
quadratically combined uncertainty on position are ac-
cepted. A total of 1735 matches were found between X-
ray sources and VVV+2MASS sources, giving a match
rate of 72% for sources in the X-ray catalog.
In deep images of the Galactic Plane, the high num-
bers of sources in the NIR catalogs can lead to error
in 1) whether an X-ray source has a NIR counterpart
and, if so, 2) which NIR source is the correct coun-
terpart (Naylor et al. 2013). We investigate these two
problems for the K-band–X-ray matching. For X-ray–
K-band matching, 72% of X-ray sources have a primary
match (the match to the closest K-band source with
the matching radius), while 1% of sources have a sec-
ondary match (the second closest K-band source within
the matching radius), and 0.04% have a tertiary match
(the match to the third closest K-band source within
the matching radius). When multiple K-band matches
are possible, in ∼70% of the cases the primary match
is the brightest source. This result agrees with the gen-
NGC 6231: Stellar Population 11
Table 2. VISTA Observing Log
Band FOV Center Date Exp. Airmass Seeing Mag. Lim.
(J2000) (s) (arcsec) (mag)
Z 16:52:52.5 −41:34:10 2011-08-14T02:05:55 80 1.154 0.93 20.35
Y 16:52:52.5 −41:34:11 2011-08-14T01:58:51 80 1.140 0.84 19.73
J 16:52:52.5 −41:34:10 2010-03-26T07:38:12 80 1.124 0.88 19.05
H 16:52:52.5 −41:34:11 2010-03-26T07:24:26 80 1.148 0.87 18.13
Ks 16:52:52.5 −41:34:10 2010-03-26T07:31:27 80 1.135 0.85 17.52
eral expectation from Naylor et al. that when there are
multiple possible matches, the correct match is usually
brighter.
The number of X-ray sources with spurious counter-
parts is estimated by artificially shifting the ∼700 X-
ray sources without K-band matches and redoing the
matching procedure. This simulation indicates that
90±10 (5%) of counterparts are spurious for our cata-
log of 1735 X-ray/infrared matches. This contamination
rate is significantly more optimistic than the contami-
nation rate estimated by Sana et al. (2006b) for match-
ing between XMM Newton sources and NIR catalogs
(>100 spurious counterparts for a catalog of 610 X-ray
sources). The lower rate of such contaminants is an ad-
vantage of the higher spatial resolution of the Chandra
X-ray Observatory. There is a strong correlation be-
tween K-band luminosity and X-ray net counts among
actual matches, and this correlation is non-existent for
the simulated spurious matches.
3.4. Catalog Completeness Limits
The detection sensitivity for X-ray point-sources is re-
lated to photon flux (photon s−1 cm−2) in the bands
used for source detection. This sensitivity varies across
the ACIS-I field as a result of telescope vignetting and
the degradation of the point-spread function with off-
axis angle.4 As a result, a larger number of faint X-ray
sources are detected near the center of the field, where
sensitivity is greatest, which can produce an artificial
clustering effect as noted by Broos et al. (2011). For
studies of cluster structure, the artificial clustering can
be corrected by using only X-ray sources with photon
fluxes greater than the completeness limit for the full
X-ray catalog. Such a strategy has also been recom-
mended by Ascenso et al. (2009) to avoid interpretation
of observational effects of varying sensitivity as astro-
physical phenomenon, such as cluster mass segregation.
4 These effects are described in §4 of the “Chandra Proposers’
Observatory Guide” by the Chandra X-ray Center.
Feigelson et al. (2011) and Kuhn et al. (2014, 2015b,a)
truncated X-ray selected samples of pre–main-sequence
stars using photon-flux thresholds, allowing the identifi-
cation of spatial structure masked in the full sample by
artificial clustering.
For NGC 6231, the completeness limit is estimated
empirically using histograms of photon flux for X-ray
point sources stratified by off-axis angle, using radial
divisions at 0.′3, 5.′1, 6.′3, 7.′5, 8.′3, and 12.′3. The
photon-flux limit increased with each larger-radius stra-
tum, giving a completeness limit for the full sample of
logFphoton = −5.95 in the 0.5–8.0 keV band. This limit
is similar to the completeness limits of many of the MYS-
tIX Chandra observations (Kuhn et al. 2013).
The completeness limits for the VVV catalogs re-
ported in Table 2 were calculated by artificial source
insertion and extraction by the CASU v1.1 pipeline re-
duction, and these NIR catalogs are generally deeper
than the X-ray catalogs.
4. CLUSTER MEMBERSHIP
4.1. Simulations of Contaminants
Classification of X-ray sources as cluster members and
non-members is based on a decision tree, using X-ray,
NIR, and optical properties. The sources of contam-
inants include extragalactic sources, foreground fields
stars, and background field stars, with extragalactic
sources being the more numerous (Getman et al. 2011).
A variety of rules have been used to select probable
members in X-ray studies of young stellar clusters, which
include machine-learning strategies based on training
sets (e.g., Broos et al. 2013) and decision trees based on
different criteria (e.g., Getman et al. 2017). However,
unlike MYStIX and SFiNCs, mid-infrared photometry
from the Spitzer Space Telescope is available only for a
small region at the south edge of the field. Optical cat-
alogs can be used to remove some likely foreground or
background field stars, but optical photometry is only
available for half as many stars as is VVV NIR photom-
etry.
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Figure 4. Left: Distributions of net counts (NetCounts t) for observed and simulated X-ray sources. Right: Distribution of
median energies (ME) for observed and simulated sources. In both panels the distributions for “probable cluster members” are
shown in black (solid line), distributions of “unclassified” sources are shown in blue (dashed line), distributions of simulated
extragalactic sources are shown in green (dotdash line), distributions of simulated foreground sources are shown in orange
(dotted line), and distributions of simulated background sources are shown in red (longdash line).
We simulate X-ray contaminants (extragalactic sources,
foreground field stars, and background field stars) to es-
timate the expected level of contaminants and see how
their X-ray properties would compare with the proper-
ties of the observed stars. Extragalactic X-ray sources
are mostly active galactic nuclei, with some starburst
galaxies. These objects are seen through a Galactic
neutral hydrogen column density NH = 1.2×1022 cm−2
(Dickey & Lockman 1990), with little contribution to
absorption from the region itself. Galactic field stars
are typically not detected in the X-ray; however, the
high number of field stars means that they are an im-
portant source of contaminants. We follow the simula-
tion methods described by Getman et al. (2011). For
extragalactic sources, we use the extragalactic logN–
logS relationship from Moretti et al. (2003) and as-
sume power-law X-ray spectra based on relations from
Brandt et al. (2001). Stars are simulated using the Be-
sanc¸on models of the Galaxy (Robin et al. 2003), and
we assume thermal plasma models based on observed
distributions of main-sequence and giant-star X-ray lu-
minosities. Artificial X-ray sources were simulated using
the fakeit tool in the XSPEC software package (Arnaud
1996) and count rates were obtained using the Portable
Interactive Multi-Mission Simulator (PIMMS; Mukai
1993). A cut based on the detection sensitivity of the
NGC 6231 source list was then applied to the artificial
sources to produce the final lists. These simulations pro-
duce 100±10 extragalactic sources, 80±10 foreground
stars, and 50±8 background stars.
The distributions of X-ray net counts (NetCounts t)
and X-ray median energies (ME) for simulated contam-
inants and observed X-ray sources (with and without
NIR counterparts) are shown in Figure 4.
Typical simulated extragalactic sources have J >
20 mag, so these X-ray contaminants are not expected
to have NIR counterparts in the VVV catalogs. In
contrast, foreground and background field-star contam-
inants will have VVV counterparts, so they are harder
to disentangle from cluster members, and the lack of
strong absorption by a molecular cloud associated with
NGC 6231 means that their NIR reddening and X-
ray extinction will not be very different for these three
classes. However, cluster members are expected to dom-
inate foreground and background field stars by a ratio of
28:1 and 44:1, respectively, so, without additional evi-
dence suggesting otherwise, an X-ray source with a NIR
counterpart is more likely than not to be a cluster mem-
ber. However, the 80+50=130 stellar contaminants may
have Ks-band counterparts, and thus can constitute up
to 7% of the 1735 X-ray sources matched to NIR. We
thus can conclude that 5% (spurious matches) + 7%
(stellar contaminants) = 12% of these X-ray sources
with NIR counterparts are not valid members.
The Besanc¸on-model approach may be limited be-
cause it does not take the spiral structure of the Galaxy
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into account. Robin et al. (2012) note that spiral arms
do not significantly contribute to NIR star counts in
2MASS. However, younger stellar populations in spiral
arms are more likely to be detectable in X-ray emission,
so background field-star contamination may be higher
than estimated by the model.
4.2. Probable Cluster Members
Based on the arguments above, we classify any X-ray
source with a NIR counterpart a “probable cluster mem-
ber” unless further evidence suggests that it is either a
foreground or background field star. Figure 3 guarantees
that X-ray-derived field-star contamination is low.
Although optical photometry is not available for the
faintest sources, these bands can help identify field
stars when they are available. Foreground stars will lie
above the cluster members on the V vs. V − I color-
magnitude diagram, and we use the polygonal regions in
the (V ,V −I) color space from DMS2016 (their Figure 4)
to remove these sources. Background stars will lie below
the zero-age main-sequence track on color-magnitude di-
agrams. We use both the V and I photometry from
Sung et al. (2013) and the deeper r and i photometry
from VPHAS+ to identify these sources. Overall, 16 X-
ray sources are identified as likely foreground field stars
and 123 X-ray sources are identified as likely background
field stars. The overall number of field stars is similar
to the ∼130 field star predictions from the simulations,
although the simulations anticipated more foreground
contaminants and fewer background contaminants.
Variability of the X-ray light curve that is statistically
significant (p < 0.01 as measured by ACIS Extract) is
also considered to be evidence of membership, and these
sources are also included as “probable cluster mem-
bers.” The X-ray contaminants are not expected to be
as variable as pre–main-sequence stars, while pre–main-
sequence stars typically have variability in the full (0.5–
8.0 keV) X-ray band of 0.15–4.5 dex on time scales of
0.4–10 days due to stochastic flaring, with some contri-
bution from variable absorption (Flaccomio et al. 2012).
There are 356 variable X-ray sources that meet this cri-
terion.
Extragalactic sources are expected to have signifi-
cantly higher X-ray median energies than cluster mem-
bers, as seen in Figure 4 where their simulatedME val-
ues range from 1.9 keV to 5 keV. Thus, sources with
ME < 1.9 keV are unlikely to be extragalactic, and are
more likely to be either cluster members or field stars,
so they are also included as “probable cluster mem-
bers.” On visual inspection of the 459 X-ray sources
with ME < 1.9 that lack a match to a VVV source,
many do appear to have VVV counterparts that are ei-
ther just outside the 2σ match radius or are flagged as
a non-point sources by the CASU pipeline, while oth-
ers are located near bright NIR sources. However, some
have no obvious explanation for the lack of a NIR coun-
terpart. These sources typically have 4–20 X-ray net
counts (median of 7 net counts).
All X-ray sources that are in catalogs of previously
known Wolf-Rayet, O, and B-type cluster members
(compiled by Sana et al. 2006c) are also included. The
Chandra X-ray catalog provides improved detection of
O and B-type stars, with 13 out of 13 (100%) O-stars
system detected and 41 out of 82 (50%) B-star systems
detected (see §6). However, the X-ray emission for many
of systems containing later-type B stars (which are not
expected to emit X-rays) may be produced by a T-Tauri
companion.
Late-B and A stars are not expected to produce X-ray
emission, so stars with these spectral types are likely to
be missing from the X-ray catalog (Hubrig et al. 2007).
However, some AB stars may have pre–main-sequence
companions that are detected in X-rays, and some >2.5-
M⊙ stars may have later spectral types of G or K if they
are younger than ∼2.5 Myr. Overall, 114 of the X-ray
selected probable cluster members lie in the region of
the V vs. V −I diagram consistent with OB or AF stars
(as defined by DMS2016).
Of the 2411 X-ray sources, 2148 are classified as “prob-
able cluster members,” while sources that do not meet
any of the above criteria are considered “unclassified”
and likely include extragalactic sources (mostly quasars
and Seyfert galaxies), field stars, cluster members with
missing NIR photometry, and spurious sources. Spu-
rious X-ray sources may be either fluctuations in the
background level with significance p < 0.01, or they
may be X-ray events from the wings of bright sources
that were erroneously deconvolved into distinct sources
(cf. Kuhn et al. 2013). Most spurious sources will lack
NIR counterparts, and will therefore be listed as “un-
classified.” Nevertheless, most of the faint (3–5 count)
X-ray sources in our NGC 6231 catalog do have NIR
counterparts (the black histogram in Figure 4), which
is evidence that these are bonafide X-ray sources. The
“unclassified” sources making up the blue histogram can
mostly be explained as being astrophysical contaminants
rather than spurious sources.
We note that we do not distinguish between young
stars in NGC 6231 and possible other members of the
Sco OB1 association that may be projected along the
same line of sight. Superposition of clusters in the plane
of the sky has been detected in other regions, like the
Orion Complex, where NGC 1980 and NGC 1981 lie in
front of the Orion Nebula Cluster (Bouy et al. 2014).
As in the case of Orion, source selection based on a
simple X-ray/optical/infrared photometric analysis will
not distinguish between these populations.
Table 3 lists 2148 probable cluster members and their
properties. Each cluster member is given an IAU desig-
nation: a prefix “CXOVVV J” followed by a sequence
based on the truncated source coordinates. For each
item, the table provides X-ray source, VVV, GLIMPSE,
and optical photometry, spectral types for OB stars, and
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cross-correlation with cluster members from DMS2016.
In addition, inferred stellar properties are presented (de-
rived in the next sections) including an indicator of Ks
variability, absorption (AK), estimated stellar age, stel-
lar mass (estimated using both 3.2 and 6.4 Myr age as-
sumptions), bolometric luminosity (based on the mass
estimates), an indicator of Ks-band excess, and classifi-
cations of GLIMPSE infrared excess sources.
Table 3. NGC 6231 CXOVVV Probable Cluster Member Catalog
Column Label Units Description
(1) (2) (3)
Name IAU source name; the prefix is CXOVVV
Catalog RAdeg deg right ascension in catalog (J2000)
Catalog DEdeg deg declination in catalog (J2000)
Xray Name X-ray source name in IAU format
ME keV X-ray Median Energy in the total 0.5–8.0 keV band
LogLx [erg s−1] absorption-corrected X-ray Luminosity in the 0.5–8.0 keV band
PhotonFlux [cm−2 s−1] log incident photon flux in the 0.5–8.0 keV band
Counterparts in Other Catalogs
HD OB star name in the HD catalog (Cannon 1936)
CPD-41d OB star name in the CPD catalog (Gill & Kapteyn 1897)
Segg OB star name in the Seggewiss (1968) catalog
SBL98 OB star name in the Sung et al. (1998) catalog
BVF99 OB star name in the Baume et al. (1999) catalog
SpType spectral type tabulated by Sana et al. (2006c)
r SpType references for Spectral type given by Sana et al. (2006c)
DSM2016 Name source name in the DMS2016 catalog
DSM2016 Group membership classification in the DMS2016 catalog
VVVv source name in the catalog of Ks variables in VVV
IR and Optical Photometry
VVV RAdeg right ascension of VVV source (J2000)
VVV Dedeg declination of VVV source (J2000)
Ks VVV mag VVV Ks-band magnitude
e Ks VVV mag 1σ uncertainty
flag Ks VVV mag CASU flag
H VVV mag VVV H-band magnitude
e H VVV mag 1σ uncertainty
flag H VVV mag CASU flag
J VVV mag VVV J-band magnitude
e J VVV mag 1σ uncertainty
flag J VVV mag CASU flag
Y VVV mag VVV Y -band magnitude
e Y VVV mag 1σ uncertainty
flag Y VVV mag CASU flag
Z VVV mag VVV Z-band magnitude
e Z VVV mag 1σ uncertainty
flag Z VVV mag CASU flag
2MASS ID source name in the 2MASS catalog
J 2M mag 2MASS J-band magnitude
e J 2M mag 1σ uncertainty
H 2M mag 2MASS H-band magnitude
Table 3 continued
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Table 3 (continued)
Column Label Units Description
(1) (2) (3)
e H 2M mag 1σ uncertainty
Ks 2M mag 2MASS Ks-band magnitude
e K 2M mag 1σ uncertainty
Qflg 2MASS flag
Rflg 2MASS flag
Bflg 2MASS flag
Cflg 2MASS flag
Xflg 2MASS flag
Aflg 2MASS flag
J synth mag merged 2MASS and VVV photometry in the 2MASS system
H synth mag merged 2MASS and VVV photometry in the 2MASS system
Ks synth mag merged 2MASS and VVV photometry in the 2MASS system
VPHAS ID source name in the VPHAS+ catalog (Drew et al. 2014)
umag mag VPHAS u-band magnitude
e umag mag 1σ uncertainty
gmag mag VPHAS g-band magnitude
e gmag mag 1σ uncertainty
r2mag mag VPHAS r2-band magnitude
e r2mag mag 1σ uncertainty
Hamag mag VPHAS Hα-band magnitude
e Hamag mag 1σ uncertainty
rmag mag VPHAS r-band magnitude
e rmag mag 1σ uncertainty
imag mag VPHAS i-band magnitude
e imag mag 1σ uncertainty
SSB2013 ID source name in the Sung et al. (2013) catalog
Vmag mag V -band magnitude in the CIT system
e Vmag mag 1σ uncertainty
V I mag V − I color
eV I mag 1σ uncertainty
B V mag B − V color
e B V mag 1σ uncertainty
U B mag U − B color
e U B mag 1σ uncertainty
Ha SSB mag Hα magnitude
eHa SSB mag 1σ uncertainty
GLIMPSE ID source name in the GLIMPSE catalog (Benjamin et al. 2003)
3 6mag mag magnitude in the 3.6 µm band
e 3 6mag mag 1σ uncertainty
q 3 6mag GLIMPSE flag
4 5mag mag magnitude in the 3.6 µm band
e 4 5mag mag 1σ uncertainty
q 4 5mag GLIMPSE flag
5 8mag mag magnitude in the 3.6 µm band
e 5 8mag mag 1σ uncertainty
q 5 8mag GLIMPSE flag
8 0mag mag magnitude in the 3.6 µm band
e 8 0mag mag 1σ uncertainty
Table 3 continued
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Table 3 (continued)
Column Label Units Description
(1) (2) (3)
q 8 0mag GLIMPSE flag
Stellar Properties
Ak mag estimated absorption in the Ks-band (AK)
age vi Myr age estimated from the V vs. V − I diagram
logM 3 2Myr [solar mass] estimated mass for an age of 3.2 Myr
logM 6 4Myr [solar mass] estimated mass for an age of 6.4 Myr
logL 3 2Myr [solar luminosity] estimated luminosity for an age of 3.2 Myr
logL 6 4Myr [solar luminosity] estimated luminosity for an age of 6.4 Myr
Ks excess Indicator of Ks-band excess
classI Indicator of classification as a Class I YSO
classII Indicator of classification as a Class II YSO
IR excess Indicator of infrared excess
4.3. Ks-band Variable Stars
Pre–main-sequence stars can show optical and NIR
variability up to several magnitudes due to rotational
modulation by star spots, accretion from a circumstel-
lar disk, and variable extinction from the circumstellar
disk (Joy 1945; Herbst et al. 1994). A study of variables
in ρ Ophiuchus by Parks et al. (2014) found ∼10% to
be variable in JHKs bands with amplitudes between
0.04 and 2.3 mag, and these stars showed both peri-
odic and aperiodic behavior. Periodic variables were
mostly associated with rotational modulation of a cool
star spot, but in a few cases were associated with accre-
tion hotspots or eclipses by a disk. Aperiodic variability
was typically associated with variability in accretion rate
or extinction. Rice et al. (2015) studied NIR variables
in the Orion Nebula Cluster, finding that protostars had
the greatest amplitude of variability (∼0.6 mag), fol-
lowed by disk-bearing sources (∼0.2 mag), and disk-
free (∼0.1 mag) stars. Most variability due to cool
starspots will have amplitudes <0.2 mag in the K-band
(e.g., Carpenter et al. 2001; Wolk et al. 2013), below
the level that can be reliably detected using the VVV
data. Instead, the majority of the pre–main-sequence
VVV variables are expected to have aperiodic variabil-
ity due to variable absorption, variable accretion, and
hot starspots.
Variability in the K-band has been suggested by Kaas
(1999) as a method of identifying candidate young stel-
lar objects. Like X-ray selection, this method does not
require that young stars have circumstellar disks, which
is necessary for an object to be classified as a young
star based on infrared excess or Hα emission. Identifi-
cation of Ks-band variables is one of the primary ob-
jectives of the VVV survey, so the VVV variability is
an excellent method of searching for NGC 6231 cluster
members with large angular separations from the cen-
ter of the cluster. Due to the large numbers of field-
stars in the VVV survey, Ks variability alone is not a
definitive indicator of cluster membership, so objects
identified this way should be regarded only as mem-
ber candidates. In a study of high-amplitude Ks band
variables (∆Ks > 1 mag) in the VVV, the fraction of
pre–main-sequence stars was estimated to be 50%, while
many others are asymptotic giant branch (AGB) stars
(Contreras Pen˜a et al. 2017a,b). The variables clustered
at the location of NGC 6231 are more promising candi-
dates than distributed variables, and may provide in-
formation about the structure of NGC 6231 on larger
spatial scales than is possible with the X-ray observa-
tions.
We search the 2.◦3 × 1.◦5 box around NGC 6231 cov-
ered by VVV tiles “d148” and “d110” for Ks-band vari-
ables. The procedures used to identify these sources
are more fully presented by N. Medina (in preparation).
Briefly, the subset from which variables are drawn in-
cludes point sources on the VVV tiles with more than
25 epochs. For these stars, a variety of statistical mea-
sures are calculated: logχ2 (e.g., Rebull et al. 2014), the
von Neumann (1941) η index, the Stetson (1996) J and
K indices for a single band, and the small kurtosis γ
and skewness κ indices (Richards et al. 2011). The vari-
able logχ2 characterizes the statistical significance of
variability without taking into account autocorrelation,
while others like von Neumann’s η and Stetson’s J and
K identify light curves with autocorrelation, and the use
of multiple statistics can be effective for characterization
of variability (Shin et al. 2009). A two-component nor-
mal mixture model is used to separate high-amplitude
variables from other stars using these indices, with η
and logχ2 playing the most decisive roles. The variabil-
ity analysis was performed twice for the small region
of overlap between the tiles, once using the photome-
try from “d148” and again using the photometry from
“d110.” A total of 22 variables were found in this re-
gion, 9 of which were identified for both of the tiles, and
13 of which were identified for only one tile.
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Figure 5. Ks band light curve for the VVV variables CXOVVV J165431.88-415107.6 (top) and CXOVVV J165400.66-414524.9
(bottom) which lie within the Chandra field of view and have X-ray counterparts.
Table 4. VVV Ks-band Variables
VVVv X-ray Source RA Dec Ks ∆Ks log χ
2
(CXOU J) J2000 J2000 mag mag
(1) (2) (3) (4) (5) (6) (7)
165355.78-411441.5 253.4824167 -41.2448694 14.38 0.48 2.0
165357.41-414912.8 165357.41-414912.8 253.4892083 -41.8202194 13.81 0.44 1.6
165359.78-421100.2 253.4990833 -42.1833889 15.38 0.81 2.8
165400.65-414524.6 165400.69-414525.0 253.5027083 -41.7568306 13.60 1.06 4.0
165401.82-411853.9 253.5075833 -41.3149611 13.87 0.68 2.6
165402.98-404429.3 253.5124167 -40.7414806 16.29 1.23 3.4
165403.00-423555.4 253.5125000 -42.5987111 14.50 0.36 1.1
165405.57-411701.1 253.5232083 -41.2836306 13.57 1.33 3.9
165410.34-413728.8 253.5430833 -41.6246611 14.58 0.79 3.3
165410.70-415852.0 165410.72-415852.1 253.5445833 -41.9811194 13.57 0.34 0.9
Note— Ks-band variables in VVV tiles “d148” and “d110”. Column 1: VVV variable (VVVv) designation. Column 2:
Probable cluster member designation (CXOU). Columns 3–4: Celestial coordinates. Column 5: Mean Ks-band magnitude.
Column 6: Amplitude of the Ks-band variability. Column 7: log χ
2 statistic. (This table is available in its entirety in a
machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)
Table 4 provides the catalog of 295 variables se-
lected by the method described above, and pro-
vides coordinates, mean Ks-band magnitude, ∆Ks,
and logχ2 for the sources. Out of the full cata-
log of 295 variables, ∼40 appear to be clustered at
the approximate location of NGC 6231, while 16 lie
within the Chandra field of view. Out of these 16,
4 were detected by the X-ray observations, includ-
ing CXOU J165357.41-414912.8, CXOU J165400.69-
414525.0, CXOU J165410.72-415852.1, and CXOU
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Figure 6. The spatial distribution of Ks variable stars (black circles) in the VVV tiles “d148” and “d110.” A smoothed surface
density map of these objects is shown using the color scale. The map shows that some Ks variables are associated with clusters
like NGC 6231, while others are distributed in the field. A gradient in surface density increases toward the Galactic Plane (lower
left). The field of view of the tiles and the field of view of Chandra are outlined in black, and the four Ks variables with X-ray
counterparts are highlighted in yellow. Known clusters within the field of view are indicated.
J165431.86-415107.5. Figure 5 shows example light
curves of two of these variables, both of which appear
have aperiodic variations in the VVV data.
The spatial distribution of these sources is shown in
Figure 6. The data are adaptively smoothed using the
adaptive.density algorithm from the R package Spatstat
(Baddeley et al. 2005). There is a local peak in density
of stars that corresponds to the NGC 6231 cluster. In
addition, there appears to be a population of unclus-
tered variable objects, and a gradient in surface den-
sity, with increasing density near the Galactic Plane to
the lower left of the image. Several other clusterings
of variables lie to the north, south, and south east of
NGC 6231—one of these was associated with the star
cluster DBSB 176, associated with IRAS 16558-4228
(Wang & Looney 2007; Kharchenko et al. 2016). Al-
though DBSB 176 likely has many fewer total cluster
members than NGC 6231, it has a larger number of
members with Ks variability, which may be an effect
of it having a younger stellar population. Mid-infrared
images of DBSB 176 show significant nebulosity in the
region, suggesting active star formation. Other cluster-
ings of Ks variables seen in these VVV tiles may also be
candidate star clusters, and these will be further inves-
tigated in Paper II.
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5. PROPERTIES OF CLUSTER MEMBERS
5.1. X-ray Properties
Figure 7 shows the X-ray “color-magnitude diagram”
for all X-ray sources in the NGC 6231 Chandra field
(both cluster members and contaminants) using ob-
served flux in the total (0.5–8.0 keV) band (Ft) for
the “magnitude” and median energy of observed X-ray
photons in that band (ME) as the “color.” Black cir-
cles mark X-ray sources with NIR counterparts, while
blue crosses mark sources without NIR counterparts.
In addition, marks are shown for sources with X-ray
variability (green circles), O or B spectral types (or-
ange circles), and the Wolf-Rayet classification (magenta
square). Likely field-star contaminants are also indi-
cated (magenta and red triangles for foreground and
background stars, respectively). The bulk of the black,
green, and orange points haveME between 1 and 2 keV,
while most of the blue points have ME > 2 keV. X-ray
“color-magnitude diagrams” for 10 other star-forming
regions are shown by Kuhn et al. (2013). They are sim-
ilar to the NGC 6231 diagram with different ratios of
lightly and heavily obscured X-ray sources.
X-rays from low-mass pre–main-sequence stars are
due to tens-of-millions of kelvins gas in the stellar
coronae, which is heated by magnetic reconnection.
Typical temperature components range from kT ∼
0.8 keV to 4 keV with flares up to 10 keV (Getman et al.
2005, 2008a), which produce X-ray sources with me-
dian energies (unabsorbed) ranging from 1.0 to 1.5 keV
(Getman et al. 2010). The majority of the probable
cluster members in NGC 6231 are this type of X-ray
source, which mostly lie along a fairly narrow locus on
the X-ray “color-magnitude diagram.” A slight increase
in spectral hardness with increasing flux is related to an
increase in plasma temperatures for more massive pre–
main-sequence stars (Getman et al. 2010; Kuhn et al.
2013).
X-ray emission from massive stars is typically greater
than, or similar to, the X-ray emission of the most X-ray
luminous pre–main-sequence stars (e.g., Povich et al.
2011). X-rays from both O and early B-type stars origi-
nate in stellar winds (Lucy & White 1980; Owocki et al.
1988; Owocki & Cohen 1999; Cohen et al. 2008). Wind
shocks due to the line-deshadowing instability will typ-
ically lead to soft (ME ≤ 1 keV), nearly constant
X-ray emission, while the detection of a harder and
variable X-ray component for some massive stars could
be explained by colliding winds in a binary system
(Zhekov & Skinner 2000) or magnetically channeled
winds (Babel & Montmerle 1997; Gagne´ et al. 2005).
On the X-ray “color-magnitude diagram” all of the O
stars and some early-B stars lie at the upper end of the
flux distribution and have X-ray median energies ME
(∼1 keV), consistent with X-ray emission with a wind
origin. However, a number of X-ray sources matched
to B stars lie along the locus for pre–main-sequence
stars. Section 6.2 provides a more detailed discussion of
pre–main-sequence binary companions to B stars.
Absorption by interstellar material will harden the
X-ray spectrum and decrease the X-ray flux, shifting
sources to the lower-right on the X-ray “color-magnitude
diagrams.” This absorption is primarily due to He and
inner shell electrons in C, N, O, Ne, Si, S, Mg, Ar, and Fe
atoms, which may be in any phase (Wilms et al. 2000).
In embedded star-forming regions, like those in MYS-
tIX, a substantial population of the pre–main-sequence
stars may have ME > 2 keV due to absorption by the
natal molecular cloud. In the case of NGC 6231, the
lack of substantial absorption from clouds means that
pre–main-sequence stars with high ME likely have sig-
nificant local absorption. A sample of 50 objects from
the CXOVVV catalog with unusually hard X-ray spec-
tra are discussed further in Section 5.8.
The simulations of X-ray contaminants predict that
foreground and background field stars will haveME and
Ft values similar to those of cluster members. The distri-
butions of stars classified as foreground or background
objects in Figure 7 overlap the lightly absorbed clus-
ter members, but some background sources have ME
up to 5 keV. The simulated extragalactic sources typ-
ically have 2 < ME < 4.5 keV. On Figure 7, most
X-ray sources without NIR counterparts have ME in
this range, and are thus probable extragalactic sources.
Overall, 199 X-ray sources without NIR counterparts
have ME > 2 keV compared to the 100±10 simulated
extragalactic X-ray sources. However, other types of
cosmic object can also produce hard X-ray sources with-
out NIR counterparts. One of the brightest sources
in our X-ray catalog is CXOU J165334.41-414423.6
(= 2XMM J165334.4−414423), with logFt = −12.7
[erg s−1 cm−2], ME = 2.7 keV, and no NIR match.
Lin et al. (2014) classified this object as a periodically
varying magnetic cataclysmic variable that is unrelated
to NGC 6231.
5.2. NIR Properties
Figures 8 and 9 show NIR color-magnitude diagrams
and a color-color diagram for probable cluster members
in NGC 6231. The stars are plotted on both diagram us-
ing either 2MASS photometry or VVV photometry con-
verted to the 2MASS system using the Soto et al. (2013)
color transformations. Model isochrones for 3.2 Myr and
6.4 Myr from Siess et al. (2000) are shown, also con-
verted to the 2MASS system, and reddened by AV =
1.6 mag.
The color-magnitude diagrams (J vs. J−H and H vs.
H − K) have relatively narrow distributions of points,
revealing that there is not a significant range in extinc-
tion within the cluster, unlike other very young clus-
ters that are still embedded in molecular clouds. The
width of the dispersion of points in color may be due
to slight differential reddening, variability, binarity, age
spreads, and photometric uncertainties. Although, it is
20 Kuhn et al.
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Figure 7. The X-ray “color-magnitude diagram” of NGC 6231 with total-band flux (0.5 − 8.0 keV) vs. total-band median
energy. X-ray sources with ZY JHKs counterparts (black circles) and those without (blue crosses) are indicated. Green circles
indicate that an X-ray source is variable, and orange circles indicate that it is matched to a object in a catalog of known O- and
B-type cluster members. Likely field-star contaminants in the foreground (magenta triangles) and background (red triangles)
are indicated. The magenta box marks the Wolf-Rayet star.
not possible to differentiate the 3.2 and 6.4-Myr models
for low and high-mass stars on these color-magnitude
diagrams, intermediate mass stars in the hooked region
of this isochrone are sensitive to age (Lim et al. 2013).
These stars are enclosed by the two isochrones on the
J vs. J −H diagram, suggesting that the ages of these
stars are between 3.2 and 6.4 Myr.
Absorption in the NIR is estimated from the J − H
vs. H −Ks diagram using either 2MASS photometry or
VVV photometry converted into the 2MASS photomet-
ric system. The Siess et al. (2000) isochrone is used to
provide intrinsic stellar colors for stellar photospheres.
(The complete overlap in the intrinsic NIR colors for 3.2-
Myr and 6.4-Myr isochrones means absorption estimates
do not depend on assumed stellar age.) For stars with
infrared excess, we use the T-Tauri locus presented by
Getman et al. (2014b) based on observations of Taurus
stars by Luhman et al. (2010). To estimate absorption,
stars are shifted along a dereddening vector, based on
NIR absorption relations from Rieke & Lebofsky (1985),
until they reach the locus of intrinsic colors. In princi-
pal, there can be up to two possible absorption solu-
tions for a star (one low-mass, low-absorption solution
and one high-mass, high-absorption solution). However,
in practice, most stars have sufficiently low absorptions
that the nearest part of the intrinsic-color locus likely
corresponds to the correct mass range.
The mean value of absorption of the stars is AK =
0.17 mag (corresponding to AV = 1.6 mag). Typical
calculated absorptions range from AK = 0.086 mag
(AV = 0.76 mag; first quartile) to AK = 0.21 mag
(AV = 1.9 mag; third quartile). A lack of correlation
between AK and ME in this range suggests that much
of this scatter is due to uncertainties in photometry.
A small fraction of sources in the CXOVVV catalog
(∼2%) have 0.5 < Ak < 1 mag (4.5 < AV < 9 mag).
The foreground cloud is incapable of producing absorp-
tions this high, so these objects may either be field stars
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Figure 8. Color-magnitude diagrams of the probable cluster members are shown using the 2MASS JHKs system. Stellar
photometry comes from 2MASS and VVV JHKs photometry converted using color equations. Lines indicate the 3.2 and
6.4 Myr pre–main-sequence isochrone models from Siess et al. (2000) for an assumed distance modulus of 11.0 and an absorption
of AV = 1.6 mag. Sources with infrared excess are marked with magenta crosses. The gray arrows are the AV = 5 mag reddening
vectors of Rieke & Lebofsky (1985).
in the background, or may be objects with high local
absorption (e.g., objects with absorption from circum-
stellar material). A more thorough discussion of red-
dened NIR sources and hard ME sources is provided in
Section 5.8.
5.3. Mass Estimates
Masses are estimated from each of the dereddened J ,
H , and Ks-band magnitudes using the mass–magnitude
relations from the Siess et al. models. The Z and Y
bands are excluded from this analysis because predic-
tions for these bands are not provided by the models.
Given that NIR magnitudes decrease during the pre–
main-sequence evolution of a star, masses estimated
from these magnitudes will be dependent on the ages
that are assumed for the stars, with younger ages sys-
tematically yielding lower masses and older ages sys-
tematically yielding higher masses. We estimate masses
using two possible ages, an age of 3.2 Myr and an age of
6.4 Myr, in order to see the magnitude of this effect on
stellar mass estimates. Masses estimated using 6.4 Myr
are ∼1.4 times greater (0.14 ± 0.10 dex) than masses
estimated using 3.2 Myr. The magnitude of this effect
is greatest for lower mass stars (M < 0.3 M⊙ with 0.2–
0.3 dex differences) and there is no difference for stars
that have reached the main-sequence.
The bolometric luminosities calculated using these
two models will also differ, with the greatest deviation
occurring for the mass range 2 < M < 5.6 M⊙ where
the maximum deviation is a factor of >10 due to incon-
sistencies in mass estimate. However, outside this mass
range, the deviation in estimated bolometric luminosity
is minor.
5.4. Infrared Excess
The J −H vs. H −Ks color-color diagram may also
be used to define sources with infrared excess in the Ks
band. To define a region on this color-color diagram to
identify Ks-excess stars we use two lines: a reddening
vector that starts from the intrinsic colors of a 0.1-M⊙
star and the T-Tauri locus. (We accept stars lying up to
0.1 mag below the T-Tauri locus due to uncertainties in
photometry; however, sources lying significantly below
this line may have bad photometry or be reddened mas-
sive stars.) Overall, 30 Ks-excess sources are identified
out of 1143 probable cluster members plotted on the di-
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Figure 9. A color-color diagram of the probable cluster
members is shown using the 2MASS J −H vs. H −Ks col-
ors. Stellar photometry comes from 2MASS and VVV JHKs
photometry converted using color equations. The reddened
3.2 and 6.4 Myr Siess et al. (2000) isochrones lie on an iden-
tical locus in this color space, shown in red. The reddened
T Tauri locus from Getman et al. (2014b) is shown in blue.
A dashed line indicates a reddening vector starting from the
colors of a 0.1 M⊙ star, which can be used to separate stars
with and without infrared excess. Sources with infrared ex-
cess are marked with magenta crosses, most of which are
obtained from this diagram because the Spitzer coverage of
the field of view is very incomplete.
agram, corresponding to an observed fraction of 2.6%.
Nevertheless, Ks excess is only sensitive to the hot in-
ner disks of stars, and observed disk fractions for young
clusters typically increases when longer wavelength pho-
tometry is also included (e.g. Haisch et al. 2001).
NGC 6231 lies at the edge of the GLIMPSE survey of
the Spitzer Space Telescope, so a low fraction of cluster
members on the south side of the field of view have pho-
tometry in the IRAC 3.6, 4.5, 5.8, and 8.0 µm bands. We
use the criteria from Gutermuth et al. (2009) to identify
Class I and II young stellar objects (YSOs) using 1) the
JHKs[3.6][4.5] bands and 2) the Ks[3.6][4.5][5.8][8.0]
bands. Given that the NGC 6231 field does not have sig-
nificant nebulosity, this will not strongly affect our abil-
ity to detect disks. However, crowding of the field and
the complex Galactic line of sight make the presence of
mid-infrared excess sources unrelated to the cluster more
likely. Using Gutermuth et al.’s first method, 0 Class I
sources are identified and 8 Class II sources are identi-
fied. Using their second method, 0 Class I sources are
identified and 13 Class II sources are identified. Over-
all, a total of 16 YSOs are identified out of 92 probable
cluster members with Spitzer/IRAC photometry, corre-
sponding to an observed fraction of 15%.
Based on the exponential fit to disk fractions in vari-
ous star-forming regions by Mamajek (2009), a 3.2-Myr-
old cluster would be expected to have a disk fraction of
∼30% and a 6.4-Myr-old cluster would be expected to
have a disk fraction of ∼8%. However, selection effects
in the crowded mid-infrared images makes the sensitiv-
ity of our Spitzer/IRAC infrared-excess sample difficult
to estimate.
5.5. Estimates of Median Stellar Age
Ages are difficult to estimate for individual pre–
main-sequence stars because a star’s placement on
the Hertzsprung-Russell diagram, or on various color-
magnitude diagrams, is affected by episodic accretion
(Baraffe et al. 2009), uncertainty in models of pre–main-
sequence stellar interiors (due to convection [Chabrier
et al. 2007], magnetic fields [Mohanty et al. 2009],
and rotation [Jeffries 2009]), binarity, and variability
(Jeffries et al. 2011). More complete discussions of
these problems are provided by Preibisch (2012) and
Getman et al. (2014b). Nevertheless, estimates of age
that have high statistical uncertainty may still be ca-
pable of revealing real differences in the median ages
of different groups of stars. For example, statistical
methods can be used to find spatial gradients in av-
erage stellar age, revealing progressive star formation
(Getman et al. 2009, 2012). We use two independent
methods to estimate stellar ages, the J vs. LX relations
following Getman et al. (2014b) and the V vs. V − I
diagram following DMS2016.
For the star-forming regions in the MYStIX study (all
younger than 5 Myr), Getman et al. (2014b) found that
relations between absolute absorption-corrected J-band
magnitude (MJ) and X-ray luminosity (LX) differ in dif-
ferent regions, and the differences can be attributed to
median stellar age in each region (hereafter the age de-
rived from the MJ vs. LX diagram is denoted AgeJX).
This can be shown in a plot ofMJ (ordinate) vs. LX (ab-
sissa), with a non-parametric regression curve used to
show the center of the distribution. Here, age produces
a vertical shift, with older star-forming regions having
higher values of MJ for the same LX value compared
to younger star-forming regions. This effect is shown in
Figure 10—the panel on the left shows absorption cor-
rected absolute J-band magnitude vs. LX for low-mass
5
NGC 6231 cluster members, which is fitted with a local-
regression (LOWESS; Cleveland 1979, 1981) curve. The
5 We also excluded highly absorbed sources (AV > 3 mag) that
may include some background contaminants, but find their effect
on the result is negligible.
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Figure 10. Left: X-ray luminosity is plotted against dereddened absolute J-band magnitude for NGC 6231 cluster members.
The black line shows the local-regression (LOWESS) curve fit to the data. Right: Local-regression curves are shown for all
MYStIX star-forming regions included in Getman et al. (2014b) in comparison to NGC 6231. Getman et al. (2014b) identified
median age as being primarily responsible for the vertical stratification. (Stars with X-ray luminosities greater than logLX > 30.5
are excluded by Getman et al. (2014b) as many of these stars could be high-mass.)
panel on the right shows LOWESS regression curves for
17 star-forming regions from the MYStIX project com-
pared to the curve for NGC 6231. This plot shows that
NGC 6231 is most similar to the most evolved clusters
included in the MYStIX study, including the Rosette
Nebula Cluster, NGC 2264, and NGC 2362.
The stars used for the AgeJX analysis described by
Getman et al. (2014b) must have a sufficient number
of X-ray photons to obtain an estimate of LX , they
must have uncertainties <0.1 mag on JHKs colors and
magnitudes, must have no Ks excess, their X-ray lumi-
nosities must be <1030.5 erg s−1, and they must have
J −H > 0.5. The last two requirements are used to re-
move stars with masses &1.2M⊙ stars from the sample.
Overall, 456 stars contributed to the calculation. Indi-
vidual AgeJX values are imprecise estimates of stellar
age due to the large known scatter in the LX–M rela-
tion, but AgeJX can be more informative for determin-
ing the median age for groups of stars (Getman et al.
2014a,b).
For NGC 6231 the median value of AgeJX is 3.2 ±
0.2 Myr, where uncertainty of the median is calculated
by bootstrap resampling. If the distance to NGC 6231
were 1.37 kpc, as estimated from the Gaia data, the es-
timated median age would increase to 3.7 ± 0.2 Myr.
These values are consistent with the previously pub-
lished age estimates that were inferred both from pre–
main-sequence stellar evolution and from the main-
sequence turn-off for O-type stars (§2).
For probable cluster members with optical photome-
try, the V vs. V − I diagram may be used to estimate
stellar ages based on the Siess et al. pre–main-sequence
evolutionary models. This method may provide more
precise age estimates for individual stars that have V
and I-band magnitudes because the AgeJX estimates
are subject to the large statistical scatter in the X-ray–
stellar-mass relation. However, ages estimated in this
way are still subject to the other systematic effects due
to uncertainties in models and astrophysical effects that
can affect stellar properties. V − I colors are measured
for approximately half of the probable cluster members.
Ages from the V vs. V −I diagram are estimated for a
variety of assumed absorptions, ranging from AV = 0.5
to 2.0 mag, in steps of 0.1 mag. For an AV = 1.6 mag,
the median age is 3.3 Myr (1.9–4.7 Myr interquartile
range). If the absorption is higher, the estimated median
age would increase—for example, AV = 2.0 mag yields
4.0 Myr (2.2–6.4 Myr). On the other hand, if the ab-
sorption were lower the median age would decrease—for
example, AV = 1.0 mag yields 2.6 Myr (1.7–3.7 Myr).
A median age of 3.3 Myr is completely consistent with
a median age found by the AgeJX method of 3.2 Myr
within the uncertainties on the estimates. Given that
AV = 1 mag and AV = 2 mag are likely lower and
higher, respectively, than the typical absorption of a star
in the cluster, we conclude that most of the stars in the
optical sample are less than 6.4 Myr old. Ages esti-
mated with this method assuming an average extinction
of AV = 1.6 mag are given in Table 3 (denoted AgeV I).
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Previous work has suggested that the cluster has a sig-
nificant age dispersion (Sung et al. 2013; Damiani et al.
2016). Using the same photometric catalog as DMS2016,
but with an increased sample of faint sources, we also
find a distribution of AgeV I estimates over several mil-
lion years, regardless of our assumption about absorp-
tion. Therefore, the existence of a 6.4 Myr HMXB is
not inconsistent with a younger median age. If the
progenitor of the HMXB were among the first gen-
eration of O stars to go supernova 3 Myr ago, this
could have led to the end of star formation around this
time. Several numerical simulations of star-formation
in collapsing molecular clouds have suggested that the
star-formation rate may increase until the point that
star formation is ended by destruction of molecular
clouds (e.g., Hartmann et al. 2012). Such a scenario for
NGC 6231 could lead to most stars having been formed
not long before the end of star formation in the clus-
ter, even if star formation started several million years
earlier.
Given that there may be significant systematic uncer-
tainties in the median age of the cluster and that there
is evidence of an age spread of several million years, we
estimate stellar properties (e.g. stellar mass) using both
the lower median age estimate of 3.2 Myr and the higher
age estimate of 6.4 Myr to investigate the effect of this
assumption on the derived quantities.
5.6. X-ray and Bolometric Luminosities and
Stellar-Mass Relations
Figure 11 shows the relationships between X-ray lu-
minosity, bolometric luminosity (Lbol) and stellar mass.
(Each graph is shown with each age estimate.) For ob-
served pre–main-sequence stars, the scatter in LX plot-
ted as a function ofM is∼0.5 dex, which can be partially
attributed to uncertainty in both extinction-corrected
X-ray luminosities and stellar masses. Two lines show
the relations found by Telleschi et al. (2007) for weak-
line T-Tauri stars (dashed line) and classical T-Tauri
stars (dotted line) in the XMM-Newton Extended Sur-
vey of the Taurus Molecular Cloud in a sample of stars
having a logarithmically averaged mean age of 2.4 Myr
(XEST; Gu¨del et al. 2007). These relations predict that
weak-line T-Tauri stars will have higher X-ray luminosi-
ties than classical T-Tauri stars for the same mass be-
cause the presence of a disk has been observed to sup-
press X-ray emission. However, the locus of NGC 6231
stars on the plot is shifted down in X-ray luminosity rel-
ative to the XEST relation for weak-line T-Tauri stars.
This shift has a magnitude of 0.2 dex (a factor of ∼1.5)
for an age of 3.2 Myr or 0.4 dex (a factor of ∼2.5) for
an age of 6.4 Myr. Gregory et al. (2016) have shown
that X-ray luminosity decreases for pre–main-sequence
stars with radiative cores, compared to fully convective
ones. The mass range for most of the observed low-mass
stars in NGC 6231 is 0.5 . M⋆ . 2.5, and for an age
of 3.2 Myr, stars with M > 0.9 M⊙ will have developed
radiative cores (Siess et al. 2000), which may partially
explain the lower X-ray flux.
The plots of LX/Lbol vs. M (similar to Figure 30 in
DMS2016) show that most low-mass stars have LX/Lbol
slightly less than 10−3 (regardless of the age that is as-
sumed). This luminosity ratio decreases to ∼10−7 for
high mass stars, which is the expected ratio for X-ray
emission from a wind-shock mechanism. In between low-
and high-mass stars, the precise mass at which the ra-
tio begins to rapidly decline varies from ∼1.8 to 2.5M⊙
depending on assumptions about stellar age. For many
objects with spectral types of A or B, X-ray emission
and bolometric emission may be dominated by different
components of a multiple star system.
5.7. Estimates of Total Population
Despite the enlarged probable cluster member cata-
log, the majority of stellar-mass objects in NGC 6231
are still missing from the catalog. Completeness may be
estimated through investigation of the observed mass
distribution and X-ray luminosity distribution of prob-
able cluster members, with comparison to results from
other young clusters.
5.7.1. Initial Mass Function
Figure 12 shows the observed mass functions for
NGC 6231 assuming either an age of 3.2 Myr (left
panel) or 6.4 Myr (right panel). These distributions are
compared to theoretical initial mass functions (IMF), for
which we use the parameterization from Maschberger
(2013). We expect the sample of pre–main-sequence
stars to be complete above a certain mass limit. In
addition we assume that the catalog of OB stars taken
from the literature is complete. Stars with A and late-B
spectral types are expected to be missing from X-ray
surveys; however, some stars in this range may have
X-ray emitting pre–main-sequence companions.
The completeness limit is estimated by fitting the ob-
served mass function with a model in which the 50%-
completeness limit is a parameter. The model is gen-
erated by multiplying the Maschberger IMF by a com-
pleteness function that goes from 100% detection prob-
ability for high-mass stars to 0% detection probability
for very low mass objects. We approximate the com-
pleteness function using the error function,
f(M) = 0.5 + 0.5 erf[(logM − logM50%)/w], (1)
where M50% is the mass at which a star has 50% chance
of being included and w characterizes how quickly the
probability falls to 0. So, the model for the observed
mass function is
dN(M)
d logM
= f(M)ΦIMF(M), (2)
where ΦIMF is the Maschberger IMF. We note that the
vast majority of stars with M ≥M50% will be detected.
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Figure 11. Top row: Absorption corrected X-ray luminosity (0.5–8.0 keV band) versus stellar mass. Panel A shows masses
derived assuming an age of 3.2 Myr and panel B shows masses derived assuming an age of 6.4 Myr. The logLX–logM regression
lines found by Telleschi et al. (2007) for young low-mass stars in the Taurus Molecular Cloud is indicated. The upper dashed
line is the relation for weak-line T-Tauri stars and the lower dotted line is the relation for classical T-Tauri stars. Bottom
row: LX/Lbol vs. stellar mass. Age assumptions for panels C and D are the same as for A and B, respectively. The levels
LX/Lbol = 10
−3 and 10−7 are indicated.
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For both types of mass estimate, the 50%-completeness
limit was found to be 0.5 M⊙, although the complete-
ness rolls off more gradually for 3.2 Myr. For an age
estimate of 3.2 Myr, the total number of stellar-mass ob-
jects (down to the hydrogen burning limit of 0.08 M⊙)
is estimated to be 5700 cluster members within the field
of view. For an age of 6.4 Myr, a total of 7500 cluster
members are estimated to lie within the field of view.
The assumption of an older age yields a larger total
population estimate because the older ages yield higher
stellar masses.
In both cases, the mass function above the complete-
ness limits is consistent with a universal IMF. A small
dip in the histogram at 2–4 M⊙ stars is not likely as-
trophysical, because our mass estimation method (or
the method used by DMS2016) is degenerate in this
range, so some stars that would be assigned these stellar
masses are incorrectly assigned masses in the previous
bins. There is also an apparent deficit of ∼100M⊙ stars
compared to the IMF prediction of ∼1. Although, this
is entirely consistent with the
√
N Poisson uncertainty,
we also note that at least one supernova has occurred in
this cluster.
The Baraffe et al. (1998) pre–main-sequence evo-
lutionary tracks are used to estimate masses below
0.1 M⊙. While the overall shape of the IMF changes
relatively little depending on the specific age estimate
used, the number of objects assigned substellar masses
(i.e.M < 0.08M⊙) depends greatly on the age estimate
because the hydrogen-burning limit is near the sensitiv-
ity limit of the observation. An assumed age of 3.2 Myr
yields 26 substellar objects, with estimated masses rang-
ing from 0.04–0.08 M⊙. The median X-ray net counts
is 4.4 (3.7–12 net counts interquartile range), and the
median X-ray luminosity is logLX = 29.9 [erg s
−1]
(29.8–30.4 interquartile range). These stars have mod-
erate extinctions (median AK = 0.03 mag), typical
X-ray hardnesses (median ME = 1.4 keV), and none of
them has indication of infrared excess. However, when
an age of 6.4 Myr is assumed, only 4 of these sources
are assigned masses less than 0.08 M⊙.
5.7.2. X-ray Luminosity Function
The X-ray luminosity function (XLF) of pre–main-
sequence stars in a cluster is related to the cluster’s
IMF due to the statistical link between X-ray luminos-
ity and stellar mass, and it has been hypothesized that
for pre–main-sequence populations less than ∼5 Myr
old, the XLF may be universal (Feigelson et al. 2005).
Kuhn et al. (2015b) examine distributions of X-ray lu-
minosity for pre–main-sequence stars in the MYStIX
star-forming regions and find that there is no evidence
of a change in the shape of the XLF and that the dif-
ferent regions had approximately the same XLF shape
(for LX above the completeness limit).
The age spread in NGC 6231 provides an opportunity
to examine how the distribution of X-ray luminosities
are affected by age. Figure 13 (left panel) is a scatter
plot showing LX vs. AgeV I . We subdivide the points
into four age groups: (a) 0–2.5 Myr, (b) 2.5–5 Myr,
(c) 5-7.5 Myr, and (d) 7.5–10 Myr. The right panel
shows cumulative distribution plots of LX in each of
these strata for sources brighter than the completeness
limit LX > 10
30.0 erg s−1. For the two youngest strata
(a) and (b) the distributions are very similar, and the
Kolmogorov–Smirnov (K–S) test shows no statistically
significant distinction. The two older strata (c) and (d)
are also relatively similar without statistically significant
difference. However, when comparing stars 0–5 Myr old
to stars 5–10Myr old, the difference is moderately statis-
tically significant with a p-value of 0.02. The older stars
have a slightly fainter distribution of X-ray luminosities.
We also note that only one star in the 5–10-Myr range
has an X-ray luminosity greater than 1031.0 erg s−1,
while many in the 0–5-Myr range do.
No (or minor) variation in the shape of the XLF dur-
ing the first 5 Myr is consistent with the results from
Kuhn et al. (2015b), who find little variation in the XLF
shapes of MYStIX star-forming regions, most of which
are <5 Myr old. In contrast, Gregory et al. (2016) in-
dicate that some decline in X-ray luminosities would be
expected during this phase.
Figure 14 shows the XLF for pre–main-sequence stars
in NGC 6231 (black histogram). This XLF is com-
pared to a scaled “template” XLF (gray histogram)
based on the sample of 839 lightly-obscured, low-mass
stars from the COUP study of the Orion Nebula Clus-
ter (Feigelson et al. 2005).6 The COUP sample is ap-
proximately complete down to stellar masses of 0.1–
0.2 M⊙. On the X-ray luminous side of the distri-
bution, the XLF of NGC 6231 declines more steeply
than the COUP XLF. Above an X-ray luminosity of
LX = 10
30.2 erg s−2, the distribution of X-ray lumi-
nosities for NGC 6231 has a power-law form with ex-
ponent α = −1.21± 0.05 while COUP has a power-law
form with exponent α = −0.91 ± 0.10 (cf. Kuhn et al.
2015b). The Anderson-Darling test suggests these two
distributions differ with a p-value of 0.007. Given that
the Orion Nebula Cluster is a younger population (mean
age ∼2.5 Myr; Jeffries et al. 2011), the smaller number
of very luminous sources in NGC 6231 relative to the
Orion Nebula sample may result from a greater relative
decline of X-ray luminosities for more massive stars than
for less massive stars.
X-ray luminosity functions (XLFs) have been used to
estimate stellar total populations of cluster members in
young stellar clusters in cases where there is little differ-
ence in XLF shape (e.g., Kuhn et al. 2015b, and refer-
ences therein). Although there does appear to be some
6 We assume a distance to the Orion Nebula of 415 pc from
Menten et al. (2007); however, an alternate distance has been re-
cently suggested of 388 pc (Kounkel et al. 2016).
NGC 6231: Stellar Population 27
log Mass [Mo]
−2 −1 0 1 2
0
1
2
3 3.2 Myr
lo
g 
Nu
m
be
r
log Mass [Mo]
−2 −1 0 1 2
6.4 Myr
Figure 12. Histograms of stellar mass (the observed “mass function”) for probable cluster members of NGC 6231 assuming an
age of 3.6 Myr (left) or 6.4 Myr (right). The histogram counts are shown by the black lines. The observed mass function is fit
with an IMF model (gray line; Maschberger 2013), which has been modified to account for incompleteness (dashed gray line).
Completeness limits derived from these fits are shown by the dashed vertical lines.
variation in XLF shape for NGC 6231 (at least for stars
older than 5 Myr) the differences are not huge and they
may affect the brightest X-ray sources the most, which
are a minority of the catalog. Our template “univer-
sal XLF” (gray histogram) is scaled vertically until it
matches the NGC 6231 XLF down to the completeness
limit, which is located at logLX = 30.0 [erg s
−1], re-
quiring a scale factor of 4.9. Thus, the XLF analysis
suggests that the number of pre–main-sequence stars
in NGC 6231 is 839 × 4.9 ≈ 4100 stars down 0.1–
0.2 M⊙. The difference expected from extrapolating
down to 0.08M⊙ rather than 0.15M⊙ is a factor of∼1.5,
so, applying this as a correction factor, we obtain a to-
tal population of 6000 cluster members. The estimates
from the XLF and IMF methods are in approximate
agreement considering uncertainties of ∼0.25 dex on es-
timates of total populations suggested by Kuhn et al.
(2015b).
5.8. Highly Absorbed Sources in the CXOVVV Catalog
The X-ray and NIR color-magnitude and color-color
diagrams (Figures 7, 8, and 9) all show small fractions
of CXOVVV objects with high absorption. Highly ab-
sorbed objects are not atypical compared to other X-
ray/infrared observations of very young stellar clusters
or star forming regions (see the X-ray “color-magnitude
diagrams” in Figure 6 of Kuhn et al. 2013). However, in
the case of NGC 6231, which neither has sufficient cloud
material to produce high extinctions nor has ongoing
star formation, the most likely remaining explanations
for these sources is that they are either cluster members
with disks, background field-star contaminants, or back-
ground extragalactic contaminants spuriously matched
to NIR sources.
We define a high-ME source in the CXOVVV cata-
log to have ME > 2.0 with at least 5 net counts that
is classified as a probable cluster member due to X-
ray variability or J < 17.0 mag, H < 16.5 mag, or
K < 16.0 mag.7 Although most extragalactic sources
are expected to have J & 20 mag, the color-magnitude
diagram in Figure 8 shows a few sources with J ∼
18 mag with red colors that may be extragalactic con-
taminants, so our magnitude cuts are designed to avoid
these sources.
Using this definition, there are 50 high-ME sources
in NGC 6231, 27 with 2.0 < ME < 3.0 keV, 20 with
3.0 < ME < 4.5 keV, and 3 with ME > 4.5 keV. This
represents 2.5% of the 2148 X-ray selected probable clus-
ter members. The frequency of these sources decreases
rapidly with increasing ME, having a power-law-like
distribution with an index of −2.4± 0.4. About half of
these X-ray sources have 5–10 net counts, while half have
10–100 net counts. Their spatial distribution resembles
the underlying spatial distribution of X-ray sources, but
there are too few objects to determine whether they are
more strongly clustered than expected for contaminants.
If these high-ME sources are mostly extragalactic
contaminants rather than cluster members, then we
would expect the distribution of their median energies to
be similar to the high-ME sources that are not classified
as probable cluster members. We use the Anderson-
Darling test to examine these two cases. Overall, for
7 The Wolf-Rayet star is also omitted.
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Figure 14. Histogram of X-ray luminosity (the observed
“X-ray Luminosity Function”) for probable cluster members
of NGC 6231. The histogram counts are shown by the black
lines. The observed luminosity function is fit by a scaled
“template” XLF for low-mass stars from the Orion Nebula
Cluster (Feigelson et al. 2005). The completeness limit is
shown by the dashed vertical line.
sources with ME > 2.0 keV the Anderson-Darling
test rejects the hypothesis that these samples have the
same distribution (p < 0.0001), but for sources with
ME > 3.0 keV the null hypothesis is marginally rejected
(p ≈ 0.04).
Another potential explanation is that these objects are
background sources reddened by the interstellar medium
behind the cluster. DMS2016 note that the distribution
of J−H colors for field stars is bimodal, possibly indicat-
ing the presence of a cloud. However, the far-infrared
AKARI-FIS 160-µm maps (Kawada et al. 2007) show
no indication of a cloud behind the cluster. In addition,
the bimodality that DMS2016 note exists over a wide
range of Galactic longitudes, and, thus, is not likely to
be a discrete cloud associated with the cluster. Whether
the high-ME objects lie behind the cluster can be ex-
amined with the VPHAS+ r − i vs. i color-magnitude
diagram (Figure 15). On this diagram, reddening is ap-
proximately parallel to the isochrone for low-mass stars,
while stars that are more distant would be shifted ver-
tically. The high-ME objects with r and i photometric
measurements do not show any sign of a vertical shift
relative to the cluster members, so they are most likely
located at approximately the same distance and are pos-
sible candidate members. Nevertheless, not all high-ME
objects have photometry in these bands.
Figure 15 shows the high-ME sources on scatter plots
of X-ray, NIR, and optical source properties. Points are
marked by sources’ median energies, with 2.0 < ME <
3.0 keV sources shown in red, 3.0 < ME < 4.5 keV
sources shown in green, and the ME > 4.5 keV sources
shown in blue. On the J − H vs. H − Ks color-color
diagram, the points are shifted to the upper right (par-
allel to the direction of the reddening vector). The shift
of the green sources is greater than the shift of the red
sources, which would be expected if the high-ME values
are caused by absorption. In contrast, one of the sources
with ME > 4.5 keV does not have unusually red colors.
The location of the red and green sources are consistent
with Av = 5–20 mag of absorption. These values of NIR
extinction are similar to the extinctions required to pro-
duce the median energies of the sources—ME = 2.0 keV
corresponds to AV = 6 mag,ME = 3.0 keV corresponds
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to AV = 15 mag, and ME = 4.5 keV corresponds to
AV = 100 mag. On the r− i vs. i diagram, most points
lie within the locus of other cluster members, with green
sources typically having lower masses than red sources.
On the X-ray flux vs. J diagram the full set of proba-
ble cluster members shows the positive correlation that
is expected for cluster members. The locations of the
high-ME sources on this diagram are also consistent
with this trend, but due to the large amount of scat-
ter and the low number of sources the trend is not very
clear. On the plot of X-ray median energy vs. J − H ,
most of the red sources are tightly grouped with ME
and J −H larger than the majority of the cluster mem-
bers. In contrast, the green sources have much more
scatter in J − H values, suggesting that some may be
coincidental matches between background galaxies and
unrelated foreground stars. The J − H color of one of
the blue sources is inconsistent with it being a highly
absorbed cluster member.
On the NIR color-color diagram presented in Figure 9,
objects with high extinction can be noted on the upper-
right side of the plot. Overall, 40 objects have AV >
5 mag estimated from NIR photometry. These stars
have Ks-band magnitudes ranging from 12 to 17 mag,
but most are not detected in optical VPHAS+ bands.
They have X-ray luminosities (assuming a distance of
1.59 kpc) ranging from logLX = 29.5–31.4 [erg s
−1].
They also have higher than average X-ray median ener-
gies, although only one third of them meet the definition
for high-ME object above. Although some of these ob-
jects have infrared excess in the Ks band, most do not.
These stars are not uniformly distributed in the Chan-
dra field of view, but are loosely concentrated toward
the center of the field.
While some of the highly absorbed sources may be
cluster members, the sample likely does include contam-
inants. For any cluster member, the absorption pro-
ducing the high ME or high AV must be local. This
absorption could come from either disks with fortu-
itously low inclination angles or from thick circumstel-
lar disks. Two examples of stars in the Orion Nebula
Cluster with this effect have edge-on silhouette disks
imaged with the Hubble Space Telescope (Kastner et al.
2005). X-ray source COUP 241 (Orion silhouette disk
d053-717) with disk aspect ratio R = 5.5 has an X-ray
ME = 3.2 keV corresponding to logNH = 22.7 cm
−2.
And, X-ray source COUP 419 (d114-426) with R = 3.9
has ME = 5.3 keV with logNH = 23.7 cm
−2. (In-
terestingly, the NIR colors of COUP 241 neither reveal
K-band excess nor high absorption, so may be affected
by reflected light.)
The observed disk fraction among the highly absorbed
sources in NGC 6231 is not high, only one high-ME
source has Ks excess and only a small fraction of the
high-AV sources do. However, not all stars with disks
have Ks-band excess, which would be produced by the
hot inner region of a circumstellar disk, and GLIMPSE
photometry is not available for any of these sources to
determine if any have mid-infrared excess.
6. O AND B-STAR SYSTEMS
NGC 6231 is unique in being a very young stellar clus-
ter with a large, nearly complete spectroscopic census of
OB stars (Table 5) that also has been observed with a
deep X-ray observation. The catalog of O and B spec-
tral types is obtained from Sana et al. (2006c). (Out of
the 108 WR+OB NGC 6231 stars in the Table, 95 are
within the ACIS-I field of view.) Thus, the cluster makes
an ideal testbed for statistical studies of X-ray emission
from O and B stars/systems. In the Chandra X-ray cat-
alog, 100% (13 out of 13) of the known O stars/systems
and 50% (41 out of 82) of the known B stars/systems
have X-ray counterparts within 2′′. Sana et al. (2006c)
study 30 of these systems using XMM-Newton data, and
they conclude that X-rays come from stellar winds of in-
dividual stars, colliding winds systems, and pre–main-
sequence binary companions. The enlarged sample pro-
vided by the Chandra data can give a more complete
view of the distributions of OB-star X-ray properties.
The XPHOT X-ray fluxes from Section 3.1 are based
on relations derived from pre–main-sequence stars, so
the XPHOT fluxes for objects where most of the X-rays
come from a stellar wind may be biased due to an in-
correct X-ray spectral model. Here, we perform spectral
fitting in XSPEC using a thermal plasma model, apec
(Smith et al. 2001), attenuated by an absorption model,
wabs (Morrison & McCammon 1983), with a metallicity
of Z = 0.3 Z⊙ and Anders & Grevesse (1989) abun-
dances.8 The results of this fitting are given in Table 5.
6.1. O and B Populations in the X-ray
Figure 16 shows the O and B stars in the multi-
variate (logLX , ME, spectral type)-space. Given that
these stars are only lightly absorbed (e.g., NH ∼ 3.5 ×
1021 cm−2),ME will be primarily an indicator of plasma
temperature. For this absorption, a source with a tem-
perature T = 1 MK corresponds to ME ∼ 0.7 keV,
2.5 MK would correspond to 0.8 keV, 5 MK to 1 keV,
10 MK to 1.2 keV, 20 MK to 1.5 keV, 50 MK to 1.7 keV,
and 100 MK to 1.9 keV. Each of the 54 X-ray-detected
O and B stars are indicated by circles, while the unde-
tected B stars are indicated by upper limits or tick marks
at their spectral type. Upper limits on X-ray luminosity
in the catalog are LX = 10
30.0 erg s−1. It is clear from
a visual inspection that more than one distinct group of
points is present.
We use a mixture-model cluster analysis of the points
in (logLX , ME, spectral type)-space to determine if
multiple classes of object are suggested by the data.
8 We use typical metallicity and abundance assumptions for
pre–main-sequence stars (e.g., Getman et al. 2005) to aid com-
parison with the literature.
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Figure 15. Distributions of all probable cluster members (gray points) and probable cluster members with 2.0 < ME < 3.0 keV
(red circles), 3.0 < ME < 4.5 keV (green circles), and ME > 4.5 keV (blue circles). Upper left: JHKs color-color diagram.
Upper right: VPHAS+ ri color-magnitude diagram. Arrows in both diagrams indicate absorption of AV = 1.6 mag. Lower left:
J mag vs. X-ray flux. Lower right: J −H color vs. X-ray median energy.
We use the mclust software (Fraley & Raftery 2002;
Fraley et al. 2012) which implements a mixture model
analysis using multivariate normal distributions. This
analysis will provide information about 1) the num-
ber of clusters present in the data, 2) the properties
of these clusters, and 3) the classifications of individ-
ual objects. The Bayesian information criterion (BIC;
Schwarz et al. 1978) is a penalized likelihood used for
model selection where different models have different
numbers of parameters (in this case different numbers
of clusters). The best model will be the one with the
lowest value of the BIC, improvements of ∆BIC > 6
are considered strong evidence, and improvements of
∆BIC > 10 are considered very strong evidence (Jeffreys
1961; Kass & Raftery 1995).
For the O and B stars on the plot, the best model
(BIC=143) includes 3 clusters, which are indicated by
the gray ellipses on Figure 16. The BIC value for 1 clus-
ter is 187, for 2 clusters is 149, for 4 clusters is 150,
and for 5 clusters is 175, so there is strong evidence
(∆BIC = 6) of 3 clusters and very strong evidence
(∆BIC = 44) of more than one cluster.
One group of points found by the mclust analysis (col-
ored black in Figure 16) includes every O-star system,
for which X-rays are generated by either the winds of
individual stars or colliding stellar winds. The defining
features of this subset are soft (∼1 keV) median ener-
gies and high luminosities (logLX > 30.6 [erg s
−1]. On
the LX vs. spectral type diagram, a gray line indicat-
ing a constant LX = 10
−7 Lbol ratio is shown, and these
points are mostly distributed near this line. This is simi-
lar to the results of other studies of X-ray emission from
stars with strong winds (e.g., Stelzer et al. 2005, their
Figure 9).
B-type stars have been less well studied in the X-
ray than O-type stars, so the origin of X-ray emis-
sion from these stars is less certain. Spectroscopic
X-ray studies of several early-B stars, including τ Sco
(B0.2V; Cohen et al. 2003) and β Cru A (B0.5III+B2V;
Cohen et al. 2008), have revealed that X-ray emis-
sion comes from a stellar wind, which is indicated by
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forbidden-to-intercombination line ratios showing that
the X-ray emitting gas is located several stellar radii
above the stellar photospheres and, in the latter case,
Doppler broadened X-ray lines. However, it is difficult
to explain some effects (e.g., lower velocities and higher
X-ray emitting wind fraction) using the standard wind-
shock paradigm alone. The 41 X-ray detected B stars
in NGC 6231 are subdivided into two groups by the
mixture-model cluster analysis: 12 are in a group with
soft X-ray spectra, while 29 have harder spectra. These
two groups are approximately separated by a cut at
ME < 1.15 keV.
The median energies of the former group (red circles
on Figure 16) are identical to those of O stars and are
significantly softer than the typical pre–main-sequence
star’s median energy; some of these objects have me-
dian energies as low as ME ∼ 0.7 keV. For compari-
son, the star β Cru A has a median energy of 0.6 keV
(similar to the softest of the NGC 6231 B stars) and
τ Sco has a median energy of 1.0 keV. The B4 limit
on spectral type for this group also coincides with the
theoretical transition between a fast wind and a weak
wind (Stelzer et al. 2005, and references therein). We
thus suggest that these early-B stars have X-ray emit-
ting winds.
The X-ray luminosity of this group of probable
shocked-wind B stars (LX . 30 [erg s
−1]) is more than
a factor of 10 lower than the X-ray luminosity of the
O stars. If the X-rays from these stars are wind origin,
then there is a gap in the X-ray luminosity distribution
for stellar-wind X-ray sources. This may indicate that a
different model for X-ray emission from the stellar winds
of B stars, as has also been suggested by the spectro-
scopic studies mentioned above. The X-ray luminosities
of τ Sco and β Cru A (logLX = 31.5 and 30.4 [erg s
−1],
respectively) are similar to or lower than the X-ray lu-
minosities of the O stars in NGC 6231, but higher than
its B stars. However, the gray line in Figure 16, indi-
cating a constant LX = 10
−7Lbol ratio, passes through
the cluster of O stars on this graph (marked black), but
passes above most of the B-star wind-emission candi-
dates (marked red). Thus, a ratio of 10−7 may be to
large by 0.5 dex or more.
A third group of B-type stars (open circles on
Figure 16), have X-ray median energies higher than
1.15 keV. The spectral type for this group range
from B0.5 to B9.5, with no apparent preference for
early or late B spectral types. Their X-ray lumi-
nosities are mostly in a well-defined range 29.7 <
logLX < 30.7 [erg s
−1], with X-ray median energies
1.15 < ME < 1.6 keV. X-ray median energies in this
range are harder than the typical X-ray median en-
ergies expected for X-rays generated by shock-heated
plasma from the line-deshadowing instability in OB star
winds. It has been suggested that hard components in
X-ray spectra could be produced by colliding winds from
OB+OB binaries or magnetically confined wind shocks
(ud-Doula & Naze 2015). However, many of the O-star
systems in NGC 6231 are known to have colliding winds
(Sana et al. 2004, 2006a, 2005, 2008b), but they still
have ME < 1.15 keV. The O-star θ1 Ori C has been
suggested as prototypical example of a magnetically con-
fined wind shock system, but it’s median energy, if it
were located in NGC 6231 rather than the Orion Nebula
Cluster (i.e. adjusting for absorption and observational
effects), would be 1.12 keV. Furthermore, two of these
sources, CXOU J165354.52-415214.9 ( CPD-41 7706;
B1V+B1Ve) and CXOU J165436.10-415338.6 (CPD-
41 7753; B0.5V), have large X-ray flares, which almost
certainly come from low-mass companions. Thus, we
conclude that the NGC 6231 B stars in this category
are likely to have pre–main-sequence binary companions
that are responsible for the X-ray emission.
We test whether the distributions of X-ray luminosity
and median energy of the B-stars in the third group
are different from the distributions of low-mass X-ray
selected cluster members with ME > 1.15 keV. For X-
ray luminosity the K-S p-values is 0.90 (no statistically
significant difference), while the median energy the K-
S p-value is 0.07 (very weak evidence of a difference).
This result indicates that X-ray properties of the third
group of B stars are consistent with X-rays from pre–
main-sequence companions that were randomly drawn
from the general population of pre–main-sequence stars
in the cluster.
6.2. Lindroos Binary Fraction
OB-star systems which include a pre–main-sequence
companion are sometimes known as Lindroos binaries
after the catalogs of Lindroos (1985, 1986). Low-mass
binary companions are difficult to identify in the vicin-
ity of B-type stars in optical or NIR wavelengths due
to high contrast ratios. But in the X-ray band, pre–
main-sequence stars may significantly contributed to or
dominate the X-ray luminosity of the system. For ex-
ample the β Cru system, mentioned above, consists of
both a B-star binary (β Cru A; 5 year period), and a
pre–main sequence star with a ∼400-au projected sep-
aration (β Cru D; Cohen et al. 2008). The pre–main-
sequence companion is harder (1.0 keV) than the B-star
system. At a distance of ∼108 pc, components A and
D are individually resolved by Chandra; however, if the
system were at the distance of NGC 6231, the system
would appear as a single source with ME = 0.73 keV.
Several studies have used X-ray counterparts to B
stars to characterize Lindroos binary populations, in-
cluding work by Schmitt et al. (1993), Berghofer & Schmitt
(1994), Hue´lamo et al. (2000, 2001), Stelzer et al.
(2003), Hubrig et al. (2001), and Kuhn et al. (2010).
This interpretation was also used in the deep COUP X-
ray study of the Orion Nebula Cluster (Stelzer et al.
2005) and the Carina Nebula (Gagne´ et al. 2011;
Naze´ et al. 2011; Evans et al. 2011).
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Figure 16. Scatter plots showing spectral type, X-ray luminosity, and X-ray median energy for O and B stars in NGC 6231.
The three combinations of variables are LX vs. ME (upper-left panel), LX vs. spectral type (upper-right panel), and spectral
type vs. ME (lower-left panel). X-ray detected O and B stars are shown as circles, while undetected B stars are shown as
arrows (upper limits) or tic marks. The three clusters identified with the normal mixture model are shown by the gray ellipses.
The most likely classification of each source is indicate by its color on the plot: black circles for “O-star wind” sources, open
circles for “Lindroos binary” sources, and red circles for “B-star wind” sources. On the LX vs. spectral type plot, the dotted
line shows a constant LX–Lbol ratio for main-sequence OB stars.
If we consider the B stars with ME > 1.15 (the open
circles in Figure 16) to be our candidate Lindroos bina-
ries, then the cluster has 29 such candidates, compared
to 42 B stars with no X-ray counterpart, or 83 total
known B stars (within the Chandra field of view). The
mass completeness limit9 calculated for X-ray selection
of pre–main-sequence stars in Section 5.7 is 0.5 M⊙,
9 This is the 50%-completeness limit, defined as the mass of a
pre–main-sequence stars at which it has a 50% probability of being
included in our Chandra catalog. Almost all pre–main-sequence
stars with mass greater than this limit will be included in the
catalog.
so, assuming that pre–main-sequence stars in Lindroos
binaries have the same X-ray–mass relation as isolated
pre–main-sequence stars, we can apply this complete-
ness limit here as well. Thus, between 35% (Lindroos-
binary candidates divided by the total number of B
stars) and 41% (omitting wind-emission candidates) of
B stars have possible pre–main-sequence binary com-
panions with masses greater than ∼0.5 M⊙.
Spectral type has no apparent effect on whether a B-
star is a candidate Lindroos binary—we compare the
distribution of spectral types for B stars without X-
ray counterparts and Lindroos binary candidates us-
ing the two-sample Kolmogorov-Smirnov (K-S) test and
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find a p-value of 0.30 (indicating no statistically signifi-
cant difference). This effect suggests that the pre–main-
sequence companion masses are randomly drawn from
the same mass distribution as the isolated pre–main-
squence stars, at least for theM > 0.4M⊙ range. If the
random drawing extended down to the hydrogen burn-
ing mass limit, but we are only seeing the most X-ray lu-
minous pre–main-sequence companions, the fraction of
B stars that are Lindroos binaries could be much larger.
A recent study by Moe & Di Stefano (2016) also sug-
gests a high fraction of B stars have low-mass binary
companions randomly drawn from the IMF.
Table 5. Massive Stars
Name SpTy CXOU J NC ME PKS log NH kT log Ft log Ftc X
2 d.o.f.
counts keV % cm−2 keV erg s−1 cm−2 erg s−1 cm−2
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
NGC 6231 724 B0V/IV
NGC 6231 723 B3V
NGC 6231 726 B1V
HD 326326 B2V 165320.24-414825.5 13.2 1.0 >0.05 22.43±0.17 0.09±0.00 -14.97±0.21 -9.94 13.3 9
HD 326327 B1.5IVe+shell
NGC 6231 30 B7V
NGC 6231 41 B4V 165344.03-415036.9 202.3 1.3 0.04 20.47±1.18 1.92±0.28 -13.86±0.04 -13.83 19.3 31
HD 326328 B1V
NGC 6231 33 B7V
NGC 6231 54 B6III/IV 165347.98-415505.0 14.4 1.3 >0.05 · · · 1.33±0.46 -15.09±0.16 -15.09 4.9 5
NGC 6231 14 B4IV
NGC 6231 300 B8.5V? 165349.71-415013.8 22.2 1.5 >0.05 · · · 3.73±8.37 -14.58±0.16 -14.58 2.3 4
NGC 6231 265 B8.5V 165351.19-415053.9 136.8 1.4 <0.0001 · · · 5.37±2.53 -13.91±0.06 -13.91 19.6 20
HD 152200 O9.7V 165351.65-415032.7 367.8 1.0 >0.05 21.83±0.06 0.27±0.04 -13.70±0.11 -12.51 19.6 24
CPD-41 7706 B1V+B1Ve 165354.52-415214.9 388.1 1.4 0.0003 20.82±0.56 2.39±0.47 -13.34±0.04 -13.30 29.6 29
HD 152219 O9.5III+B1-2III/V 165355.61-415251.5 901.7 1.0 >0.05 21.71±0.05 0.35±0.03 -13.31±0.03 -12.51 69.0 53
NGC 6231 24 B4V
NGC 6231 283 B3V 165356.21-414815.8 32.5 1.2 >0.05 · · · 1.54±1.20 -14.74±0.19 -14.74 5.9 7
NGC 6231 255 B6V
CPD-41 7711 B2V+B2V
HD 152235 B1Ia 165358.90-415939.3 22.5 1.0 >0.05 22.13±0.23 0.14±0.09 -14.51±0.06 -11.58 3.7 6
NGC 6231 284 B4.5V
NGC 6231 249 B4.5V 165359.33-415303.6 7.0 1.3 >0.05 · · · · · · · · · · · · · · · · · ·
HD 152218 O9IV+O9.7V 165400.02-414252.6 892.5 1.0 >0.05 21.48±0.05 0.64±0.03 -13.11±0.02 -12.71 81.2 55
CPD-41 7712 B0.5V 165400.40-415243.3 35.7 1.5 >0.05 20.55±3.11 6.24±9.98 -14.40±0.26 -14.38 8.9 10
NGC 6231 276 B8Vp 165401.52-414923.7 49.4 1.5 0.001 21.94±0.27 1.29±0.44 -14.59±0.20 -14.10 9.2 12
CPD-41 7715 B2IV 165401.72-415112.1 29.0 1.3 >0.05 21.92±0.15 0.79±0.60 -14.83±0.20 -14.07 0.4 4
HD 152234 O9.7Ia+O8V 165401.84-414823.0 3394.6 1.0 <0.001 21.45±0.03 0.74±0.02 -12.62±0.01 -12.28 201.1 103
NGC 6231 259 B2V 165403.15-415149.1 159.1 1.3 <0.002 21.60±0.25 1.29±0.17 -14.04±0.06 -13.74 15.4 24
NGC 6231 1 B4V 165403.58-414253.2 21.0 1.1 >0.05 20.94±2.24 0.45±0.53 -14.89±0.11 -14.74 5.7 6
HD 152233 O6III(f)+O9? 165403.60-414730.0 1326 1.1 >0.05 21.66±0.17 0.52±0.22 -13.57±0.20 -12.94 32.8 42
NGC 6231 194 B3.5V
CPD-41 7719 B1V 165405.09-415006.9 34.5 1.0 >0.05 21.08±0.97 0.79±0.19 -14.79±0.19 -14.63 4.4 7
NGC 6231 274 B3V
CPD-41 7722 B1V
CPD-41 7723 B1V
CPD-41 7721 O9V 165406.71-415107.0 9.7 1.2 >0.05
CPD-41 7721 B1V
CPD-41 7724 B0.5V 165406.95-414923.4 44.7 1.3 <0.0001 21.04±2.24 1.27±0.43 -14.58±0.18 -14.48 12.5 10
CPD-41 7725 B0V
HD 326340 B0.5V
NGC 6231 273 B9IVp 165409.14-415012.8 12.6 1.2 0.006 22.48±0.42 0.11±0.03 -15.30±0.09 -10.68 0.0 0
CPD-41 7727 B0.5V
HD 152248 O7.5III(f)+O7III(f) 165410.06-414930.1 5447.0 1.1 <0.0001 21.63±0.02 0.72±0.02 -12.22±0.01 -11.72 528.8 149
NGC 6231 209 B2.5V 165410.72-414747.4 93.4 1.2 >0.05 20.62±2.43 1.43±0.40 -14.32±0.09 -14.28 12.9 13
NGC 6231 374 B2V 165410.97-414939.0 9.2 1.0 >0.05 · · · · · · · · · · · · · · · · · ·
CPD-41 7730 B1V
HD 152249 O9Ib((f)) 165411.63-415057.3 1962.3 1.0 >0.05 21.77±0.03 0.26±0.02 -12.88±0.02 -11.76 92.2 74
NGC 6231 243 B8.5V 165412.28-415237.6 3.3 1.2 >0.05 · · · · · · · · · · · · · · · · · ·
NGC 6231 75 B8.5V
CPD-41 7733 O8.5V+B3? 165413.24-415032.6 274 0.9 >0.05 21.47±0.62 0.17±0.12 -14.10±0.14 -13.25 10.9 13
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Table 5 (continued)
Name SpTy CXOU J NC ME PKS log NH kT log Ft log Ftc X
2 d.o.f.
counts keV % cm−2 keV erg s−1 cm−2 erg s−1 cm−2
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
HD 326329 O9.5V 165414.10-415008.5 327.7 1.1 0.006 21.60±0.08 0.82±0.07 -13.38±0.03 -12.95 27.9 23
CPD-41 7734 B0Vn
NGC 6231 236 B2.5V 165414.72-415111.0 59.7 1.5 0.02 · · · 57.55±898.48 -13.96±0.96 -13.96 10.6 7
NGC 6231 78 B8.5III 165415.14-415527.7 22.6 2.4 0.005 · · · 61.04±1317.10 -14.35±1.02 -14.35 4.3 5
NGC 6231 235 B8.5V
CPD-41 7736 B1Vn 165415.73-414932.3 35.5 1.0 >0.05 · · · 1.18±0.82 -14.94±0.19 -14.94 0.3 1
CPD-41 7737 B2V 165416.29-415026.5 4.4 1.1 >0.05 · · · · · · · · · · · · · · · · · ·
NGC 6231 189 B8.5V
NGC 6231 234 B8Vn
NGC 6231 213 B2IVn
NGC 6231 225 B9V 165418.13-415016.4 79.6 1.3 0.03 21.86±0.14 1.02±0.29 -14.36±0.10 -13.81 8.7 11
HD 326330 B1V(n) 165418.33-415135.2 3.5 0.8 >0.05 · · · · · · · · · · · · · · · · · ·
HD 326339 B0.5III
HD 152270 WC7+O5-8 165419.69-414911.5 493 1.2 >0.05 · · · · · · · · · · · · · · · · · ·
CPD-41 7742 O9V+B1.5V 165419.83-415009.3 1840.5 1.1 <0.0001 21.62±0.04 0.90±0.03 -13.03±0.01 -12.61 145.2 92
NGC 6231 227 B7Vn
NGC 6231 334 B1Vn
CPD-41 7743 B0.5V
NGC 6231 89 B2.5III 165421.35-415536.4 23.0 1.1 >0.05 22.04±0.25 0.22±0.21 -14.99±0.13 -13.07 3.6 4
NGC 6231 223 B6Vn
NGC 6231 217 B6Vn
NGC 6231 186 B2.5V 165422.84-414523.4 43.9 1.3 >0.05 21.88±0.19 0.93±0.34 -14.64±0.12 -14.01 7.8 10
NGC 6231 108 B2V
NGC 6231 165 B7.5V 165425.99-414707.6 27.1 1.3 >0.05 21.67±0.42 0.99±0.51 -14.81±0.21 -14.38 5.2 5
HD 326331 O8III((f)) 165425.97-414955.7 749.6 1.0 >0.05 21.64±0.05 0.47±0.06 -13.18±0.03 -12.56 62.7 49
NGC 6231 184 B8.5V
CPD-41 7744 B1.5V 165426.54-414951.0 24.3 1.4 >0.05 21.50±1.42 1.33±0.87 -14.98±0.24 -14.74 3.5 3
NGC 6231 222 B4Vn 165427.88-415013.3 3.3 1.0 >0.05 · · · · · · · · · · · · · · · · · ·
NGC 6231 160 B3III 165428.95-414826.0 52.2 1.4 0.02 21.83±0.43 1.16±0.63 -14.45±0.20 -13.98 9.3 6
CPD-41 7746 B0.5V
HD 152314 O8.5V+B+... 165432.00-414818.8 528.0 1.0 >0.05 21.63±0.07 0.48±0.07 -13.34±0.04 -12.73 32.6 36
NGC 6231 96 B1.5V 165432.21-415652.4 29.2 1.3 >0.05 · · · 3.43±3.16 -14.29±0.22 -14.29 6.0 9
NGC 6231 115 B3V
NGC 6231 152 B5V
HD 326332 B1III* 165435.79-415011.6 11.3 0.8 >0.05 · · · · · · · · · · · · · · · · · ·
CPD-41 7753 B0.5V 165436.10-415338.6 636.8 1.7 <0.0001 21.28±0.15 7.55±2.44 -13.09±0.03 -13.02 51.3 54
CPD-41 7755 B1V 165439.87-415338.7 104.7 1.4 0.002 · · · 2.74±1.16 -14.08±0.07 -14.08 17.4 17
NGC 6231 173 B9V
HD 326333 B1V(n)
NGC 6231 123 B6.5V
NGC 6231 121 B6.5V 165444.22-415627.3 49.2 1.5 <0.0001 21.79±0.42 1.22±0.53 -14.56±0.21 -14.14 15.2 19
NGC 6231 172 B9V 165444.38-414642.7 55.3 1.2 >0.05 · · · 1.36±0.39 -14.45±0.14 -14.45 6.7 8
NGC 6231 175 B9V
NGC 6231 127 B8III-IV 165447.39-415250.6 37.3 1.3 >0.05 18.74±258.34 1.58±0.35 -14.52±0.10 -14.52 6.9 11
NGC 6231 142 B4V 165447.73-415047.7 71.9 1.3 >0.05 21.77±0.16 0.86±0.37 -14.39±0.15 -13.82 13.5 10
HD 326334 B3V
NGC 6231 147 B9.5V
NGC 6231 146 B3V 165458.28-414917.5 19.3 1.1 >0.05 21.90±1.10 0.09±0.02 -14.10±0.02 -11.58 5.2 6
Note—Chandra X-ray properties of OB stars. Column 1: Star name. Column 2: Spectral type from Sana et al. (2006c) and references therein. Column 3: CXO designation.
Column 4: Net X-ray counts in the total (0.5–8.0 keV) band. Column 5: Median energy of X-ray photons in the (0.5–8.0 keV) band. Column 6: The K-S test for X-ray
variability, where PKS is the null-hypothesis probability that the flux is constant. Column 7-8: Hydrogen column density and plasma temperature parameters from the
wabs × apec model fit. Columns 9–10: Observed X-ray flux and absorption-corrected X-ray flux from the model fit. Columns 11–12: X2 and the number of degrees of
freedom for the model fit. X-ray properties for stars that were not detected by Chandra are left blank, while missing X-ray properties for Chandra sources are indicated by
“...”.
7. SUMMARY AND CONCLUSION
NGC 6231 is a well-known young stellar cluster that
makes an excellent testbed for studies of young stars
and early cluster dynamics. It contains rich populations
of lower mass pre–main-sequence stars, main-sequence
OB stars, post-main sequence supergiants, and a Wolf-
Rayet system. We present the a catalog of 2148 prob-
able cluster members, the largest available catalog for
NGC 6231, based on an analysis of archival Chandra
X-ray data, VVV photometry, and public catalogs of
the region. X-ray selection using XMM Newton and the
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Chandra X-ray Observatory has been the most effective
methods of identifying the low-mass cluster population,
and our study builds on X-ray studies by Sana et al.
(2004, 2005, 2006a,b,c, 2007a,b, 2008a,b) and DMS2016.
We will use the large catalog of low-mass probable clus-
ter members presented here for analysis of the structure
of NGC 6231 in Paper II. A summary of our methods,
catalogs, and results are listed below.
1. The study is based on reanalysis of an archival
122-ks Chandra ACIS-I observation of NGC 6231.
We use the data-reduction methodology from the
MYStIX project, which has been optimized for
the detection of faint X-ray sources, to create a
list of 2411 point sources (§3.1). This source list
contains ∼1.5 times more point sources than de-
tected by DMS2016, which is similar to the im-
provement seen in other regions (Broos et al. 2010;
Kuhn et al. 2013). The X-ray sources are matched
to proprietary NIR data from the VVV survey,
which provides deep ZY JHKs photometry and
∼30 epochs of Ks photometry over a five-year pe-
riod (§3.2). The data are also matched to the
2MASS catalog, the VPHAS+ catalog, the Spitzer
GLIMPSE catalogs, and an optical catalog by
Sung et al. (2013). NIR color-magnitude diagrams
(Y vs. Z − Y and Ks vs. H −Ks; Figure 3) com-
pare the distribution of X-ray selected “probable
cluster members” to non members, showing that
the new sample contains many new true positive
not included in previous studies, while adding few
false positives.
2. The classification of X-ray-selected probable clus-
ter members is based on NIR matches, X-ray vari-
ability, X-ray median energy, and filtering of likely
foreground and background field stars on optical
color-magnitude diagrams (§4). Overall, in the
Chandra field, 2093 X-ray sources are classified
as probable cluster members, 106 OB stars are
classified as probable cluster members, and 123 X-
ray source are classified as likely field stars. The
catalog of 2148 probable cluster members (given
the IAU prefix “CXOVVV”) are provided in Ta-
ble 3 along with inferred values of stellar age, mass,
bolometric luminosity, and infrared excess.
3. Using the variability criteria developed by N. Med-
ina (in preparation), 295 VVV sources showing sig-
nificantKs variability are identified (§4.3) in a 3.5-
square-degree region around NGC 6231. Sixteen
Ks variables are located within the Chandra field
of view, of which 4 have X-ray counterparts. Pre-
vious analysis suggests approximately half of these
objects are pre–main-sequence stars, while many
others are asymptotic giant branch (AGB) stars
(Contreras Pen˜a et al. 2017a,b). The NGC 6231
cluster is associated with a clustering of Ks vari-
ables, and the presence of several young stellar
clusters outside the Chandra field are indicated
by overdensities in the data. The catalog of Ks
variables is provided in Table 4.
4. Age estimates are obtained using both stellar evo-
lution on the V vs. V − I color-magnitude dia-
gram (AgeV I) and evolution of X-ray luminosity
vs. dereddened J-band luminosity (AgeJX), with
both methods suggest that the median stellar age
is ∼3.2–3.3 Myr (§5.5). These estimates of median
age are consistent with previous age estimates,
but systematic effects on age estimates may con-
tributed to considerable uncertainty. The distri-
bution of AgeV I values suggests a significant age
spread which has also been noted by DMS2016
and Sung et al. (2013). A large age spread would
also be consistent with the likely birth of the pro-
genitor of the run-away HMXB system HD 153919
∼6.4 Myr ago.
5. The distribution of the X-ray luminosities of the
brightest pre–main-sequence stars shows signs of a
moderate decrease in luminosity relative to stars in
younger regions like the Orion Nebula Cluster or
Taurus Molecular Cloud (§5.6). This can be seen
as a decrease in X-ray luminosity of 0.2–0.4 dex
relative to the Telleschi et al. (2007) relation for
weak-line T-Tauri stars, an X-ray luminosity func-
tion with a steeper slope than for the Orion Nebula
Cluster, and a lack of bright X-ray sources with
AgeV I > 5 Myr. However, for stars with AgeV I
younger than 5 Myr, the distribution of LX ap-
pears not to vary with age.
6. We use the observed mass function and X-ray lu-
minosity function to estimate the total number of
stars in the cluster (down to the hydrogen-burning
limit at 0.08 M⊙) and estimate the completeness
limit for pre–main-sequence stars (§5.7). Assum-
ing that the cluster follows a normal IMF, we esti-
mate 5700–7500 stars projected within the Chan-
dra field. The sample has a 50%-completeness
limit at 0.5M⊙ (meaning that a 0.5M⊙ star has a
50% chance of detection). If we assume a univer-
sal X-ray luminosity function (neglecting effects of
X-ray luminosity evolution), we find a consistent
result of 6000 stars and a completeness limit at
LX = 10
30.0 erg s−2. The cutoff of the sample
in mass is not sharp due to the large amount of
scatter in the LX–M relation. Some substellar-
mass objects are identified, but the number of
these objects (4–26) depends strongly on the as-
sumption about stellar age. The typical X-ray
luminosity of the detected substellar candidate is
logLX = 29.9 [erg s
−1].
7. With low foreground extinction (AV ≈ 1.6 mag
corresponding to NH ≈ 3.5 × 1021 cm−2) X-ray
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median energy (spectral hardness) is most sensi-
tive to plasma temperature and local absorption.
For B-type stars, median energy (ME) and X-
ray luminosity can be used to separate these ob-
jects into two groups – one group with soft spec-
tra (ME < 1.15 keV), lower X-ray fluxes, and
spectral types of B4 or earlier, and another group
with harder spectra (ME > 1.15 keV), interme-
diate X-ray luminosities, and spectral types rang-
ing from B0 to B9 (§6). We argue that the first
group is most likely stars with X-rays produced
by stellar winds, while the second group is most
likely stars with X-rays from coronal emission of
pre–main-sequence binary companions. In two
cases in the second group, X-ray flares are seen in
the light curves providing additional evidence that
the X-ray emission is from a pre–main-sequence
companion. We estimate that 35-41% of B stars
have pre–main-sequence binary companions with
masses >0.5 M⊙.
8. For low-mass stars, median energy can also be used
to identify highly absorbed cluster members (§5.8).
A small fraction of sources have X-ray median en-
ergies between 2 keV and 6 keV. While some of
these may be contaminants, analysis on various
optical, infrared, and X-ray color-magnitude di-
agrams suggests that many are bonefide cluster
members. We hypothesize that the absorptions
may be produced by circumstellar disks.
APPENDIX
A. GAIA DISTANCE ESTIMATE
Nine of the OB stars in NGC 6231 have parallax mea-
surements in the Gaia-Tycho catalog (Gaia Collaboration et al.
2016) with uncertainties on parallax less than δπ <
0.2 mas. The distances indicated by the parallax
measurements for these 9 stars are shown in Fig-
ure 17 as tic marks. The probability density func-
tion created by smoothing these data with a kernel
with bandwidth σ = 0.1 kpc is also shown, similar to
the analysis performed for estimation of the distance
to the Pleiades cluster using Gaia measurements by
the Gaia Collaboration et al. (2016). The median of
this distribution is 1.37 ± 0.42 kpc. The uncertainty
on the median is calculated by bootstrap resampling
where uncertainties on individual measurements are
simulated by adding a random variable drawn from
the individual measurements’ uncertainty distributions.
Contributions of systematic uncertainties of the order
±0.3 mas (Lindegren et al. 2016) yield a distance esti-
mate 1.37± 0.70 kpc.
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Figure 17. Distances based on parallaxes from the Gaia-
Tycho catalog for 9 OB stars. A kernel-density estimate
of the probability density function is shown by the black
curve, red tic-marks show the measurements (the central tic-
marks overlap), and the dotted line shows the median of the
distribution at 1370 pc.
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